Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

12-13-2019

Tensile strength and other material properties of the equine
suspensory apparatus of the distal phalanx and the effect of
specimen size, tensile load orientation, and freezing on
determination of the material properties
Benjamin E. Nabors

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Nabors, Benjamin E., "Tensile strength and other material properties of the equine suspensory apparatus
of the distal phalanx and the effect of specimen size, tensile load orientation, and freezing on
determination of the material properties" (2019). Theses and Dissertations. 4240.
https://scholarsjunction.msstate.edu/td/4240

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v4.0 (beta): Created by L. Threet 2/5/19

Tensile strength and other material properties of the equine suspensory apparatus of the distal
phalanx and the effect of specimen size, tensile load orientation, and freezing on
determination of the material properties

By
TITLE PAGE
Benjamin E. Nabors

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Veterinary Science
in the College of Veterinary Medicine
Mississippi State, Mississippi
December 2019

Copyright by
COPYRIGHT PAGE
Benjamin E. Nabors
2019

Tensile strength and other material properties of the equine suspensory apparatus of the distal
phalanx and the effect of specimen size, tensile load orientation, and freezing on
determination of the material properties
By
APPROVAL PAGE
Benjamin E. Nabors
Approved:
____________________________________
Robert L. Linford
(Major Professor)
____________________________________
Cody P. Coyne
(Committee Member)
____________________________________
Robert Cooper
(Committee Member)
____________________________________
Steven H. Elder
(Committee Member)
____________________________________
Peter L. Ryan
(Committee Member)
____________________________________
Larry Hanson
(Graduate Coordinator)
____________________________________
Kent H. Hoblet
Dean
College of Veterinary Medicine

Name: Benjamin E. Nabors
ABSTRACT
Date of Degree: December 13, 2019
Institution: Mississippi State University
Major Field: Veterinary Science
Major Professor: Robert L. Linford
Title of Study: Tensile strength and other material properties of the equine suspensory apparatus
of the distal phalanx and the effect of specimen size, tensile load orientation, and
freezing on determination of the material properties
Pages in Study: 191
Candidate for Degree of Doctor of Philosophy
The suspensory apparatus of the distal phalanx (SADP) is an intricate adaptation of
dermal and epidermal tissue that has a specialized role in the horse to absorb concussion while
suspending the weight of the horse from within the hoof. The integrity of the hoof-bone
connection is critical to the health of the horse and it can be affected by numerous disorders that
cause it to fail. Accurate data on the ultimate tensile strength and other material properties of the
SADP are important in modeling the behavior of the tissue under load and selecting appropriate
prevention and treatment strategies for disorders of the SADP. The tensile load orientation and
tissue sample size both have a profound effect on obtaining representative estimates for the
material properties of a tissue. Consideration of the collagen fiber axis is important when
selecting both.
The purposes of this investigation were 1) to morphometrically determine the true
collagen fiber axis in the SADP, 2) determine the most appropriate test sample size and tensile
load orientation for materials testing, 3) to determine the ultimate tensile strength and other
material properties of the SADP in healthy digits of adult horses, 4) to determine the site of

tissue failure during testing, and 5) to determine whether freezing the SADP tissue samples prior
to testing alters the material properties.
Results of this investigation indicated that the true collagen fiber axis of the SADP in the
toe region was predominantly vertical, in alignment with gravity. A vertical tensile load most
closely matched the collagen fiber axis and was appropriate to model the load in the SADP for
standing horses. A radial tensile load was appropriate to model the load in the SADP near the
break over portion of the stride. Tissue blocks with a proximal-to-distal dimension of 1 cm
tested less than 30% of the vertically oriented collagen fibers during radial tension testing and
significantly underrepresented the ultimate tensile strength. The tissue failed in the deep dermis
during radial tension testing and at the dermo epidermal junction during vertical tension testing.
Freezing the tissue prior to testing significantly reduced the ultimate tensile strength.
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CHAPTER I
LITERATURE REVIEW
Integument
The integument is the largest organ of the body. The diversity of integumentary functions
ranges from protection as a barrier, immunologic antigen responses, homeostasis including
thermoregulation and water loss, sensory, endocrine and excretion (Ross and Gordon, 2003). The
integument is arranged into three general regions; epidermis, dermis, and hypodermis.
Epidermis
The epidermis is the outer covering of the body that is assorted into scales for reptiles,
feathers for birds, and haired or glabrous skin in mammals. This diversity of coverings is the
product of the epidermal cell. The epidermis is a stratified squamous epithelium that can be
divided into four layers except in thicker skin where a fifth layer is encountered. The basal layer
(stratum basale) is located adjacent to the dermis. As basal epidermal stem cells divide, the
newly created daughter cells, keratinocytes, begin to migrate towards the skin surface. These
newly formed keratinocytes begin the process of keratinization, which is a special form of
apoptosis without cellular fragmentation. Keratinocytes function to produce keratin which is an
important part of the epidermal water barrier. The basophilic appearance of immature
keratinocytes is due to the free cytoplasmic ribosomes undertaking keratin production. As a
keratinocyte migrates through the stratum spinosum, keratin filaments are bundled into
tonofibrils which in turn causes the cytoplasm to stain eosinophilic. As the keratinocyte leaves
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the stratum spinosum it begins production of keratohyalin granules. These granules characterize
the stratum granulosum and contain intermediate filament-associated proteins filaggrin and
trichohyalin. These proteins promote the aggregation of keratin filaments which converts the
granular cell into a cornified cell. The soft keratin formed in this process is distinct from the hard
keratin of hair and nails. The formation of the water barrier is accomplished by the production of
lamellar bodies within the stratum spinosum. Lamellar bodies or membrane-coating granules are
a mixture of glycosphingolipids, phospholipids, and ceramides. The lamellar bodies are
assembled in the Golgi bodies and through exocytosis released into the intracellular space
between the stratum granulosum and corneum. Once released the lamellae form the structural
elements of the water barrier, the cell envelope and the lipid envelope. The cell envelope is
located on the inner surface of the plasma membrane. The thickness of the cell envelope
increases in areas of intensified mechanical stress. The strength of the cell envelope comes from
cross linked bonds formed between small proline-rich proteins (SPR) with larger structural
proteins, including loricrin, the most abundant, cystatin, desmosomal proteins, elafin,
envoplakin, filaggrin and involucrin (Ross and Gordon, 2003). The major component of the
lipid envelope are the ceramides which form ester bonds to the cell surface.
Acylglucosylceramide forms a monomolecular layer that forms a “Teflon coating” on the cell
surface. The ceramides are also important in cell signaling, induction of cell differentiation,
triggering apoptosis and reducing cell proliferation. The water barrier is maintained by
keratinocytes constantly entering terminal differentiation as old cells are exfoliated from the cell
surface.
The stratum spinosum is characterized by prominent intercellular desmosomes that give
the cells a prickly appearance (Schummer et al. 1981). The stratum granulosum is the next layer
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and is distinguished by cytoplasmic keratohyalin granules. The stratum lucidum is only found in
areas of the body under increased stress like foot pads. The final layer of epidermis is the stratum
corneum characterized by fully keratinized flattened epidermal cells. The other cellular
components of the epidermis include keratinocytes, melanocytes, Langerhan’s cells, and
Merkel’s cells. Melanocytes are derived from the neural crest and are present within the basal
layer of the epidermis. A single melanocyte associates with several epidermal cells to form the
epidermal-melanin unit. Melanocytes are considered dendritic cells because long processes leave
the cell body contacting epidermal cells in the stratum spinosum. Melanocytes produce melanin
by the oxidation of tyrosine to 3, 4-dihydroxyphenylalanine by tyrosinase and finally to melanin.
Melanin functions to protect against damage caused by ultraviolet radiation. Langerhans cells are
antigen presenting cells of the epidermis. Like melanocytes Langerhans cells are dendritic cells
with processes extending into surrounding keratinocytes of the stratum spinosum. Langerhans
cells express MHC I, MHC II, Fc receptors for immunoglobulin G. Langerhans cells are
involved in delayed-type hypersensitivity reactions.
Merkel cells are modified epidermal cells located in the stratum basale. Merkel cells
contain dense-cored neurosecretory granules and are associated with the terminal bulb of afferent
myelinated nerve fibers. The combination of neuron and Merkel cell is termed a Merkel’s
corpuscle, a sensitive mechanoreceptor.
Dermis
The dermis lies beneath the epidermis and is primarily responsible for the strength and
elasticity of skin. The dermis is essential to the survival of the epidermis and signaling between
the two cellular compartments is vital to homeostasis of the tissue. The dermis can be divided
into two layers; the reticular layer which lies adjacent to the hypodermis and the papillary layer
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situated directly beneath the epidermis. The dermis is a network of collagen and elastin fibers in
a ground substance of glycosaminoglycan, glycoproteins and water providing the scaffolding for
the vasculature, nerves, lymphatics, and epidermal appendages (Williams et al. 1995). The
papillary layer is composed of type I and type III collagen fibers arranged in a delicate
architecture with elastin, blood vessels, and nerves. The undersurface of the epidermis is a mold
of papillary layer. In areas of increased mechanical stress the papillary layer is arranged in ridges
with papilla between the ridges (Schummer et al. 1981). The corresponding epidermis projects
into the dermis as epidermal or rete ridges (Ross and Gordon, 2003). Below the papillary layer
is the reticular layer that is formed by thicker bundles of type I collagen and elastin. The reticular
layer varies in thickness related to the mechanical stress to which it is subjected and is oriented
along lines of tension, or Langer’s lines (Ross and Gordon, 2003). Collagen is a multidomain
extracellular matrix protein that accounts for approximately 30% of mammalian total protein
(Ricard-Blum, 2011). The collagen family of proteins consist of 28 members with numerous
isoforms for the same collagen type and hybrid isoforms composed from chains of assorted
collagen molecules (Ricard-Blum, 2011). The fundamental unit of a collagen fiber is the
collagen fibril, tropocollagen, which is three polypeptide chains compiled into a coiled-coil triple
helix conformation (Lyon & Bernard, 1991). Each of the polypeptide chains of a collagen
molecule is a left-handed helix composed of a series of amino acid monomers arranged in a
repeating pattern Gly-X-Y (Lyon & Bernard, 1991). Each of the left-handed helices is twisted
into a right-handed collagen molecule with glycine as the third residue situated centrally with X
and Y residues consisting primarily of proline and hydroxyproline (Ricard-Blum, 2011).
Collagen fibrils form into collagen fibers so that a quarter of the length of the molecule overlaps
adjacent molecules, the quarter-staggered array. This results in a banding pattern or periodicity
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of 64-67 nm (Ottani et al., 1996). The various heterotrimeric and homotrimeric forms of collagen
fibers results in several sub-families of collagen. These sub families include fibril-forming
collagens, FACIT (fibril associated collagen with interrupted triple helices), network forming
collagens, and membrane collagens (Ricard-Blum, 2011). The fibril forming collagens are Types
I, II, III, IX, and XI. Collagen Types I and III are the largest components of the skin dermis
(Ricard-Blum, 2011). Additional fibrous components of the extracellular matrix include the
reticular fibers. Reticular fibers are small thin fibers composed of collagens Type III and V.
Reticular fibers form a framework which interacts with glycoproteins, and
proteoglycans/glycosaminoglycan. This reticular ultrastructure attaches to the basal lamina of
epithelial, muscle and Schwann cells providing support for the cell as well as the vasculature and
lymphatics. It also maintains the extracellular space for the movement of extracellular fluid
(Ottani et al. 1996).
The elastic fiber system is a combination of indeterminate elastin sheets, often found in
major arteries, composed of the protein elastin and a fibrous microfibrillar component consisting
of various glycoproteins such as fibrillin and amyloid P (Ottani et al. 1996).
The hypodermis or subcutis is beneath the reticular layer of the dermis. The hypodermis
is loose connective tissue and fat cells that provide attachment of the skin to deeper structures
and allow for increased mobility (Schummer et al. 1981).
Innervation of the skin
Innervation of the skin consists of a variety sensory receptor acting as terminals for
sensory nerves. Motor neurons are also present in blood vessels, arrector pili muscles, and sweat
glands. Free nerve endings are the most numerous neuronal receptors in the stratum granulosum
of the epidermis. Because these receptors lack Schwann cell coverings, they are considered free.
5

Free nerve endings can differentiate multiple sensory modalities including fine touch, heat, and
cold without changes in morphology. Hair follicles, especially the outer root sheath, contain
networks of free nerve endings acting as mechanoreceptors and encapsulated nerve endings
including Pacinian corpuscles, Meissner’s corpuscles and Ruffini’s corpuscles. Pacinian
corpuscles are large oval structures located in the deep dermis and hypodermis. Pacinian
corpuscles consist of myelinated nerve endings encased in a capsule-like structure. The
myelinated fiber enters the capsule at one end and loses its myelin covering as it proceeds to the
opposite pole. Schwann cells form tightly packed lamellae around the unmyelinated fiber called
the inner core. The outer core is formed by concentric lamellae that contain a lymph-like fluid
between each lamella. Pacinian corpuscles respond to pressure and vibration through the
displacement of the lamellar capsule, resulting in depolarization. Meissner’s corpuscles are
found with the dermal papillae and are sensitive to low frequency stimuli, like touch. One or two
unmyelinated endings of myelinated nerves follow a spiral path within the Meissner’s corpuscle.
Ruffini’s corpuscles are fusiform structures that consist of a connective tissue capsule enclosing
a fluid filled space. Adjacent collagen fibers pass through the capsule. A single myelinated fiber
enters the capsule loses its myelin sheath and arborizes. An action potential is created by
displacement of collagen fibers induced by sustained or continuous mechanical stress.
Integumentary appendages
The derivatives of the integument in domestic animals is a diverse group of epidermal
structures including, but not limited to, hair follicles, sebaceous glands, sudoriferous glands,
mammary glands, horn, feathers and hoof. Skin appendages are formed from the down growth of
epidermal epithelium during development.
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Hair follicles
Hair follicles are an invagination of the epidermis in which a hair is formed. A hair
follicle is divided into three segments. The infundibulum extends from the surface opening of the
follicle to the level of its sebaceous gland. The infundibulum is part of the pilosebaceous canal
for the discharge of sebum. The isthmus extends from the infundibulum to the level of the
arrector pili muscle. The inferior segment constitutes the bulb of the follicle. The cells that cover
the bulb are called the matrix cells and are the germinative cells of the hair follicle. Division of
the matrix cells results in the keratin-producing cells of the hair and the internal root sheath. The
internal root sheath is the cellular covering surrounding the deepest part of the hair. The internal
root sheath can be divided into cuticle, squamous cells that face the hair shaft, Huxley’s layer, a
single or double layer of cells forming the middle plate of the internal root sheath, and Henle’s
layer, an outer layer of cuboidal cells directly contacting the outermost part of the hair follicle of
the external root sheath (Ross and Gordon, 2003). The hair and internal root sheath keratinize as
the cells pass through the keratogenous zone. The hair is hard keratin and the internal root sheath
is soft keratin. The internal root sheath breaks down as it approaches the isthmus and does not
emerge from the follicle. The glassy membrane separates the hair follicle from the dermis. Hairs
can be divided into medulla, the central part of the hair; cortex, peripheral to the medulla; and
cuticle of the hair shaft forming the outermost layer of the hair.
Sebaceous glands
Sebaceous glands are an outgrowth of the external root sheath of the hair follicle that
produce sebum to coat the hair shaft and skin. Sebum is produced by the sebaceous gland cells
filling the cell cytoplasm as the cell progresses through apoptosis at the same time. The resulting
sebum-filled cell is released through the pilosebaceous canal in a holocrine manner of transport.
7

Sweat glands
Sweat glands are classified based on structure and type of secretion. Eccrine sweat glands
are not associated with the hair follicle and are simple coiled tubular structures consisting of a
secretory segment and a duct segment. The cells that compose the secretory segment are clear
cells, dark cells, and myoepithelial cells. Clear cells contain abundant glycogen and produce the
watery substance of sweat. Dark cells are characterized by abundant rER, and secretory granules
that release the glycoprotein component of sweat. Myoepithelial cells line the base of the
secretory segment of the gland. The processes of myoepithelial cells are arranged transversely
around the secretory segment in order to express the contents of the sweat gland upon
contraction. Apocrine sweat glands develop from the same down growth of the epidermis that
form a hair follicle and maintain a connection with the hair follicle. The secretory part of the
gland is found in the deep dermis or hypodermis. The secretion from apocrine glands is
composed of carbohydrates, protein, ammonia, lipid, and organic compounds. The cytoplasm of
simple epithelial cells is responsible for the production of apocrine glands. Small granules in the
apical portion of the cytoplasm are released into the lumen in a merocrine manner. The secretory
product of the gland is stored in the lumen of the apocrine gland. Both apocrine and eccrine
glands are innervated by the sympathetic part of the autonomic nervous system. Eccrine glands
are stimulated by cholinergic neurotransmitters while apocrine glands are stimulated by
adrenergic neurotransmitters. Eccrine glands respond to heat and stress while apocrine glands
react to emotional and sensory stimuli (Ross and Gordon, 2003).
Nails
The root is the proximal part of the nail covered by the germinative layer, the matrix. As
the stem cells of the matrix divide, cells migrate towards the root and there differentiate into the
8

hard keratin of the nail plate. Hard keratin, like the cortex of hair follicles is densely packed
keratin filaments in a matrix of amorphous keratin with a high sulfur content, which imparts the
hardness to the nail. The eponychium is the skin fold covering the root of the nail. The
hyponychium is the epidermal layer that secures the free edge of the nail plate at the distal end.
Feathers
Feathers may be the most complex of epidermal derivatives that serve not only in flight,
but also like hair follicles of other mammals, and serve in thermoregulation and protection.
Pluma, the down feathers, are located deep to the penna or contour feathers. The role of pluma
feathers is thermoregulation while the penna are designed for flight. A penna feather is a multibranched integumentary accessory organ that consist of a shaft (rachis), barbs (rami), barbules
(radii), and barbicels (hamuli) (Hirschberg, 2003).
Horn
The horn of domestic animals is produced from skin surrounding the base of the cornual
process. The dermis forms papillae that are covered by basement membrane adjacent to
epidermal basal cells. The basal cells divide producing daughter cells that form tubular and
intertubular horn that fills with keratin in a process called keratinization.
Hoof
The equine hoof is a uniquely adapted derivative of the integument that is designed to
mitigate the forces of hoof-ground impact within a wide range of loading rates, frequencies, and
environmental conditions. The epidermal components of the equine hoof are the periople, hoof
wall, lamellae, sole, and frog (Stump, 1967).
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Hoof wall
The hoof wall consists of three layers; the stratum externum, stratum medium, and the
stratum internum (Stump, 1967). The stratum externum or periople is a thin layer of
keratohyaline rich epidermal cells located at the junction of the haired skin and the keratinized
hoof wall that extends distally approximately 1 cm at the toe and progressively further through
the quarters to its maximum extent at the bulbs of the heels. The periople functions as an elastic
transition between the skin and hoof wall (Pollitt, 1992). The stratum medium is formed by
basal cells that cover the surface of coronary papillae producing tubular horn. Cells located
between coronary papillae produce intertubular horn which effectively glues the horn tubules
together (Pollitt, 2004). The composite nature of the stratum medium functions by dampening
hoof impact and preventing wall fracture propagation (Kasapi & Gosline, 1997). The stratum
internum or lamellar region is of particular interest because of its unique architecture in equids.
The epidermal lamellae are arranged in a tiered system consisting of primary and secondary
lamellae. The primary epidermal lamellae appear grossly as thin sheets situated proximo-distally
along the inner surface of the hoof wall where they are firmly attached. The secondary lamellae
are microscopically visible as an undulating border projecting inward at an angle from the long
axis of the primary lamellae, greatly increasing the surface area of this region (Pollitt, 2004). The
secondary epidermal lamellae contain the basal cells that connect directly with the basement
membrane and adjacent secondary dermal lamellae (Pollitt, 2004; Stump, 1967). The dermal
tissue is a mirror image of the epidermal arrangement. The secondary dermal lamellae blend into
the primary dermal lamellae which continue into the reticular dermis and ultimately are anchored
into the distal phalanx. This continuum of epidermal hoof, epidermal lamellae, dermal lamellae,
and bone are the elements of the suspensory apparatus of the hoof in which the distal phalanx is
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suspended within the hoof capsule (Nickel 1981). The elaborated lamellar tissue serves to
dissipate internal and external forces of hoof impact through its mechanical properties.
Sole
The sole of the equine hoof is keratinized epidermis adjacent to the solar surface of the
distal phalanx. The sole is attached to the stratum medium of the hoof wall by formation of
terminal papillae on the distal primary dermal lamellae which form tubular and intertubular horn
essentially gluing the hoof wall and sole together. The sole is concave distally where it contacts
the ground but convex proximally where it meets the solar surface of the distal phalanx.
Frog
The frog of the equine hoof is triangular shaped epidermal pad that divides the sole in
two. The frog lies distal to the digital cushion and is believed to aid in traction and absorption of
concussive forces.
The elastic structures of the equine hoof are the ungular cartilages and the digital cushion.
The ungular cartilages are hyaline cartilage that are attached to the palmar processes of the distal
phalanx internally and the hoof wall externally. The ungular cartilages aid in expansion and
contraction of the caudal two thirds of the hoof in order to help dissipate concussive forces.
The digital cushion is fatty tissue proximal to the frog. It is interlaced with bands of
connective tissue. The deep digital flexor is adjacent to the proximal border of the digital
cushion.
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Vasculature of the distal limb and digit of the horse
Arterial System of the forelimb
The blood supply to the equine digit of the forelimb is supplied from the axillary artery
which is a continuation of the subclavian artery within the thoracic cavity. The axillary becomes
the brachial artery as it passes from the axilla to the brachium. As the brachial artery approaches
the elbow joint it gives off the collateral ulnar artery which passes caudally on the antebrachium.
The brachial artery passes into the antebrachium and after giving off the common interosseous
artery turns into the median artery. The median artery gives off a proximal radial artery and
shortly after gives rise to the radial artery just proximal to the carpus. The median also gives of a
palmar branch that joins the collateral ulnar. The combined vessel divides, after passing the
carpus, into a deep and superficial branch. The radial artery passes palmar to the carpus and
divides into a deep and superficial branch. The superficial branch may rejoin the median to form
the superficial palmar arch while the deep branch forms the deep palmar arch with the deep
branch of the palmar branch of the median. From the deep palmar arch arises palmar metacarpal
arteries II and III. At this point there are a maximum of five vessels entering the distal limb; two
palmar metacarpal arteries from the deep palmar arch, two superficial branches one from the
palmar branch of the median and the other from the division of the radial artery, and the
continuation of the median artery. As mentioned earlier the superficial branch of the radial artery
may unite with the median to form the superficial palmar arch but typically unites with the
common palmar digital artery III just proximal to the metacarpophalangeal joint. Palmar
metacarpal arteries II and III continue distally between metacarpal bones II/III and III/IV. As the
palmar metacarpal arteries approach the metacarpophalangeal joint, they unite with the common
palmar digital artery III. The superficial branch of the palmar branch of the median continues
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distally as the common palmar digital artery III in the metacarpus. The median artery in the
metacarpus is renamed to the common palmar digital artery II which continues distally until it
bifurcates at the metacarpophalangeal joint into medial and lateral palmar digital arteries. The
common palmar digital III, the combined palmar metacarpal arteries II and III join the lateral
palmar digital artery from the common palmar digital artery II. The medial and lateral palmar
digital arteries continue distally, each giving off a dorsal and palmar branch at the proximal
phalanx, middle phalanx, and distal phalanx. At each phalange the dorsal and palmar branches
form an arterial circle encompassing each of the digital bones (Nickel R. 1981). As the palmar
digital arteries approach the palmar aspect of the hoof, proximal to the ungular cartilage, the toric
artery is given off and shortly divides into an axial and abaxial arteries (Pollitt, 2016). The
abaxial branch of the toric artery supplies the collateral sulcus, bars, the periople and coronary
coria of the heels (Nickel, 1981). The axial branches of the toric arteries follow the limbs of the
frog to its apex (Nickel, 1981). Other branches of the toric artery supply the digital cushion,
ungular cartilages, deep digital flexor tendon, navicular bursa, the distal sesamoid and the distal
interphalangeal joint (Nickel, 1981). The palmar branches of the middle phalanx join to form the
proximal navicular artery from which a number of axial vessels leave this anastomosis ascending
to the proximal part of the middle phalanx, and descending to the proximal border of the distal
sesamoid bone and the deep digital flexor tendon near the flexor surface of the distal sesamoid
bone (Pollitt, 2016). Near the location where the dorsal and palmar arteries of the middle phalanx
leave the palmar digital arteries, the coronal artery is given off. The coronal artery has a lateral
branch that supplies the heels and quarters while it continues to its anastomosis with the coronal
branch of the dorsal artery of the middle phalanx. The dorsal and palmar branches of to distal
phalanx leave the palmar digital arteries near the palmar process foramen. The palmar branch
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supplies the corium of the frog and digital cushion (Nickel, 1981). The dorsal branch (hoof wall
artery) passes through the palmar process foramen and divides into medial and lateral branches.
The lateral branch passes toward the heel, suppling the heels and quarters while the medial
branch continues along the parietal sulcus until it enters a parietal foramen (Nickel, 1981).
Numerous branches leave the medial branch (hoof wall artery) proximally to join the coronary
artery and distally to join the solar margin artery.
As the palmar digital arteries continue towards the solar canal after giving off the
dorsal/palmar branches of the distal phalanx, the distal navicular artery departs, passing through
the impar ligament to send ascending vessels to supply the distal sesamoid bone (Nickel, 1981;
Pollitt, 2016). Within the solar canal, the medial and lateral palmar digital arteries anastomosis
to form the terminal arch. From the terminal arch, 4 to 5 vessels leave, passing through dorsal
parietal foramina to supply the proximal lamellae and coronary corium while an equal number
pass distally from the terminal arch to join the solar margin artery suppling the distal lamellae
and terminal papillae (Nickel, 1981; Pollitt, 2016). A branch from the terminal arch joins with
the medial branch of the dorsal artery of the distal phalanx (hoof wall artery). The lateral branch
(hoof wall artery) joins with the solar margin artery near the heel and along with 8 to10
proximally directed vessels, leave the solar margin artery to unite with the lateral branch of the
dorsal artery of the distal phalanx as well as solar branches (Nickel, 1981; Pollitt, 2016).
Arterial system of the hindlimb
The blood supply of the hindlimb originates with the external iliac within the abdomen
which becomes the femoral artery as it leaves the abdomen and enters the medial thigh. The
femoral artery passes distally superficially along the medial thigh branching to supply the thigh
musculature. About mid-thigh the saphenous artery leaves the femoral artery where it divides
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into cranial and caudal branches. As the femoral artery approaches the stifle it passes deep to the
caudal aspect of this joint giving off the distal caudal femoral directed laterally and continues as
the popliteal artery. The popliteal artery approaches the popliteal muscles and divides into cranial
and caudal tibial arteries. The caudal tibial supplies the digital flexors and is joined by the caudal
branch of the saphenous artery along with the artery comitans from the distal caudal femoral
artery to continue to the digit (Nickel, 1981). At the level of the sustentaculum tali the caudal
branch of the saphenous divides into medial and lateral plantar arteries. The plantar arteries
divide into superficial and deep branches, the deep branches join along with the distal perforating
artery to form the deep plantar arch (Nickel, 1981). Plantar metatarsal arteries II and III exit the
deep plantar arch progressing distally along metatarsal bones II and IV. The cranial tibial artery
passes craniolaterally through the interosseous space and continues distally, deep to the medial
border of the long digital extensor muscle along the cranial surface of the tibia (Nickel R., 1981).
As the cranial tibial approaches the flexor surface of the tarsal joint it becomes the dorsal pedal
artery. The dorsal pedal artery gives off the distal perforating tarsal artery and becomes the
dorsal metatarsal artery III running distally along the dorsal surface of metatarsal bones III and
IV (Nickel, 1981). The dorsal metatarsal artery III leaves the dorsal metatarsal region as the
distal perforating artery III which passes to the plantar metatarsal region and is joined by plantar
metatarsal arteries II and III (Nickel, 1981). This arterial union passes distally a short distance to
divide into medial and lateral branches proximal to the fetlock joint which join the common
plantar digital arteries II and III which represent the superficial branches of the medial and lateral
plantar arteries at the tarsus (Nickel, 1981). The medial and lateral plantar digital arteries
continue the arterial supply to the digit and are identical in distribution to the blood supply of the
digit of the forelimb.
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Venous System of the forelimb
As arteries transition to arterioles, capillaries networks are formed from deep to
superficial. The subcutaneous arterial network is the deepest layer, followed by the deep corial,
and finally the superficial corial (subpapillary). Arising from the subpapillary network are the
papillary and lamellar arteries which end in the coronary/perioplic capillary plexus, wall/sole
capillary plexus, or the bulbar/frog capillary plexus (Nickel R., 1981). The microcirculation
formed by these capillary plexes are in close proximity to the epidermal basal cells of each hoof
segment in order for the efficient exchange of nutrients and cellular waste products (Pollitt,
2016). As blood enters the arterial side of a capillary plexus, fluid with micronutrients passes
into the interstitial space surrounding the cells, thus concentrating the blood components
remaining within the capillary lumen. As blood passes through the capillaries and approaches the
venous side the concentrated blood pulls fluid from the interstitial space back into the capillary
lumen effectively draining cellular waste products.
Innervation of the distal forelimb and digit
The nerve supply of the distal forelimb (manus) of the horse is provided by the median
and ulnar nerves. The median nerve passes along the medial side of the antebrachium beneath the
flexor carpi radialis. As the median nerve approaches the carpus it divides into medial and lateral
branches. The ulnar nerve passes along the caudal surface of the antebrachium between the
ulnaris lateralis and flexor carpi ulnaris muscles. As the ulnar nerve approaches the carpus it
divides into palmar and dorsal branches. The palmar branch of the ulnar joins the lateral palmar
branch of the median just as the two enters the carpal canal. As the medial and lateral palmar
branches of the median pass through the carpal canal they pass to their respective sides of the
metacarpus. The lateral palmar branch of the median becomes the lateral palmar nerve and the
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medial palmar branch of the median becomes the medial palmar nerve. The medial and lateral
palmar nerves travel distally between the suspensory ligament dorsally and the palmar-situated
flexor tendons. In the proximal part of the metacarpus the lateral palmar nerve gives off a deep
branch that passes towards the metacarpal bones. This deep branch of the lateral palmar
bifurcates into the medial and lateral palmar metacarpal nerves. The palmar metacarpal nerves
pass along metacarpals II and IV until they emerge at the distal extremity of the respective
metacarpal bone and arborize into the joint capsule of the metacarpophalangeal joint. The medial
and lateral palmar nerves continue distally and enter the digit as the medial and lateral palmar
digital nerves. Each of the palmar digital nerves gives off a dorsal branch which travels toward
the dorsal surface of the digit.
Biomechanics
Due to the critical role of the lamellar region in health and disease it is imperative to
understand how this dermal/epidermal interface is capable of mechanically supporting the mass
and force produced by the horse. Research on the mechanical properties of the lamellar region
has been limited (Douglas, et al. 1998; Hallab, et al. 1991; P. Kochová, et al. 2013). These
authors recognized the importance of understanding the mechanical functioning of the lamellar
region as well as the difficulties encountered in assessing tissue which is so well encapsulated by
a fully keratinized hoof wall. Investigators in the study by Hallab and Hood collected a sagittal
section of hoof from the toe region and sectioned this sample into four smaller sections
representing proximal, middle, and distal hoof/bone interfaces. The objective of the study was
simply to characterize the mechanical properties of the lamellar region from proximal to distal.
Douglas et al. also studied the lamellar region to quantify mechanical properties in tension and
shear in a manner thought to mimic in vivo loads in multiple areas of the hoof; however, this
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investigation did not test the tissues to failure since the modulus of elasticity was the primary
interest. Kochova et al. investigated a correlation between the 2D length density (stereological
quantification of length of basement membrane per surface of tissue section) and the mechanical
properties of the hoof-bone lamellar suspending apparatus, the suspensory apparatus of the distal
phalanx (SADP).
Investigators in these studies collected samples of the SADP and tested the samples in
radial tension, which would be the most appropriate loading configuration if the collagen axis of
within the SADP was perpendicular to the dorsal surface of the distal phalanx. Studies have
shown that this orientation of collagen may not be correct (Linford, 1987; Pellmann, 1995; Pollitt
& Collins, 2016) and that the collagen axis is oriented nearly perpendicular to the ground
instead. However, the loads the SADP experiences are thought to be more complicated than the
collagen axis may indicate. How the SADP is loaded during the stance phase of the stride is
likely to be different than how it is loaded near the breakover phase of the stride.
Because the lamellar region is difficult to access, it is difficult to collect samples and
transport them to a testing facility in a timely manner. Mechanical testing of the SADP would be
more easily achievable if the tissue could be collected, frozen, and tested later in batches.
Kochova investigated the mechanical properties of fresh and frozen tissue samples that were
collected from 2 fore hooves of a foal (Kochová,et al. 2010). The study concluded there was no
difference in mechanical properties between the fresh and frozen samples; however, the number
of tissue samples tested was limited.
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CHAPTER II
COLLAGEN FIBER AXIS IN THE SUSPENSORY APPARATUS OF THE DISTAL
PHALANX (SADP) AND THE EFFECT OF TEST BLOCK SIZE ON
DETERMINATION OF SADP MECHANICAL PROPERTIES
For many animals such as dogs and cats, the concussive forces of weight-bearing are
dampened by a fatty cushion interposed between the bony digits and the ground surface. Horses
are different in that the major forces of weight-bearing are transmitted via the skeleton, through a
collagenous dermal connection (corium) that suspends the distal phalanx from the hoof, which
then contacts the ground directly (Stump 1967; Pellmann 1995; Pollitt 2010; Pollitt and Collins
2016). The major loading forces within the hoof in a standing horse, according to the radial
tension model of weight bearing (Thomason et al. 1992; Van Eps et al. 2010), are summarized in
Figure 2.1. The downward force of body weight (W) is transmitted through the distal phalanx,
which is securely attached to, and suspended from, the interior of the hoof. The downward force
is counteracted by the ground reaction force (G), which is resolved into components (g) along the
load-bearing surface of the hoof. The hoof wall is inclined relative to the direction of the ground
reaction forces (g) which are resolved into compressive forces (c) parallel to the wall and tensile
forces (t) at the attachment of the distal phalanx to the hoof. The tensile forces at the attachment
of the distal phalanx are magnified by a tensile force (D) in the deep digital flexor tendon. The
frog also has a role in weight-bearing, but the contribution is much reduced in horses that are
shod.
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Figure 2.1

Radial tension model

Diagrammatic summary of the radial tension model of hoof-loading forces in a standing horse
(shown in sagittal section).W-weight of the horse acting through the distal phalanx; G-ground
reaction force counteracting W; g-components of G acting at the distal border of the hoof; forces
(g) resolved into compressive forces in the hoof (c) and tensile forces (t) at the attachment of the
distal phalanx to the hoof; D-tensile force acting via the deep digital flexor tendon. Modified
after (Thomason et al. 1992; Van Eps et al. 2010).
The attachment mechanism that suspends the distal phalanx from the inner surface of the
hoof is critical (Adams, 1974; Stump, 1967) and if it fails, weight of the horse forces the distal
phalanx to sink or rotate distally (Pollitt & Collins, 2016) Displacement of the distal phalanx
often causes crippling lameness, especially if the distal phalanx penetrates the sole (Cripps &
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Eustace, 1999; Stashak, 1987). The suspending mechanism has been termed the suspensory
apparatus of the distal phalanx (SADP), and its integrity is critical in supporting the weight of the
horse (Pellmann, 1995; Pollitt, 2010; Pollitt and Collins, 2016), and allowing the horse to remain
sound.
Many conditions affect the integrity of the SADP such as disorders that interfere with
circulation, disorders that produce endotoxemia, and disorders that increase weight supported by
a limb because of non-weightbearing lameness in the opposite limb (Engiles 2010; Orsini 2012).
Such problems often result in failure of the SADP and crippling lameness.
It is sometimes reasoned that the SADP is several fold stronger than what is needed to
support the weight of a standing horse because forces on a single forelimb have been calculated
to momentarily be up to 2.1 times body weight during an intense gallop (Bertram & Gosline,
1986; Swanstrom et al. 2005), and horses, such as those running the Kentucky Derby, often
sustain an intense gallop for 2 or more minutes (Gardner, 2006) without apparent damage to the
SADP. When a horse stands squarely on all 4 limbs, approximately 60% of body weight is
borne by the forelimbs and approximately 40% by the hindlimbs (Baxter, 2011; Hood et al.
2001). Thus, an individual forelimb takes approximately 30% of the body weight in a horse
standing squarely on all 4 limbs, but 60% of the body weight during periods when the opposite
forelimb is lifted. Painful conditions or fractures that make it impossible for a horse to bear
weight on one forelimb require the opposite forelimb to carry 60% of body weight, which often
results in failure of the SADP in the supporting limb (Orsini, 2012; Van Eps et al. 2010). Some
investigators indicate that failure of the SADP in such cases may be related to alterations in
digital blood flow that may occur when a single limb is loaded to greater than 30% of body
weight (Orsini, 2012; Van Eps et al. 2010); however, there have been few investigations of the
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ultimate strength of the hoof-bone interface in the SADP. Though investigators have studied the
elastic modulus of the hoof and hoof-distal phalanx junction (Douglas et al.1998; Leach DH,
1982), we could find only 3 studies that assessed the ultimate tensile strength of the SADP
(Hallab et al.1991; Kochová et al. 2013; Kochova et al. 2011) and those investigators studied a
total of 6 non-laminitic hooves from mature horses. Additional investigations of the ultimate
tensile strength of this important junction are warranted.
When testing the tensile strength of a structure it is important to test in an orientation that
mimics the in situ loading condition (Kim et al. 2014) and to evaluate a specimen that is large
enough to represent the true mechanical properties of the structure (Ng et al. 2005).
The bony attachment site of the SADP connection between the distal phalanx and hoof
has been considered similar to that of ligament (Pellmann, 1995; Pollitt & Collins, 2016) and it
has been shown that the results of tensile tests of ligaments are extremely sensitive to orientation
of specimens in the loading apparatus (Momersteeg et al. 1995; Woo et al. 1991). This is
because collagen molecules comprising the majority of a ligament are aligned in one direction
(longitudinally) and are crosslinked linearly along the longitudinal axis as they are hierarchically
organized into fibrils, fibers, and fascicles (Figure 2.2); (Barford, 2014; Harvey, 2009; Oliver et
al. 2016; Wang, 2006). Crosslinking along the long axis imparts a longitudinal strength that is
orders of magnitude greater than the strength transverse to the longitudinal axis because,
perpendicular to the fiber direction, only extrafibrillar matrix and possibly fiber and matrix
crosslinks resist load (Lynch, 2003).
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Figure 2.2

Hierarchical structure of ligaments and tendons

modified from (Darlington, 2017; Wang, 2006)
The modulus of sheep flexor tendons tested transverse to the long axis was 2 orders of
magnitude less than when the tendons were tested in alignment with the longitudinal axis
(Lynch, 2003). Because of these considerations, it has been recommended that a specimen
orientation that mimics in situ loading conditions be used to obtain the most representative data
for structural properties of the tissue being tested (Kim et al. 2014).
The in situ loading forces within the SADP are not completely known but previous
investigators studying the tensile strength of the SADP (Hallab et al. 1991; Kochová et al. 2013;
Kochova et al. 2011) applied the tensile load perpendicular to the dorsal surface of the hoof and
dorsal cortex of the distal phalanx (Figure 2.3).
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Figure 2.3

Load direction for radial tension

Tensile load direction for previous radial tension tests of the ultimate tensile strength of the
SADP (Hallab et al.1991; Kochová et al. 2013; Kochova et al. 2011). Modified after (Douglas et
al.1998).
This testing configuration is appropriate if the in situ loading forces within the SADP are
directed as shown in the radial tension model of weight bearing (Figure 2.4).
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Figure 2.4

Midsagittal section of digit in radial tension

Midsagittal section of the digit depicting the radial tension model of loading forces in the
suspensory apparatus of the distal phalanx. In this model, the downward force of weightbearing
(thick arrow, W) is transmitted through the distal phalanx to the hoof, in addition, tensile forces
within the deep flexor tendon (D), produce inward-directed tensile forces (white arrows) within
the SADP that are oriented perpendicular to the dorsal cortex of the bone.
Although the predominant loading forces within the SADP have not been completely
elucidated, the direction of collagen fibers in a structure can provide information on the principle
tensile stresses. Tendons are loaded along the longitudinal axis and collagen fibers within the
tendons are organized along the same axis; thus, tendons are loaded along the predominant fiber
direction (Lake et al. 2010). Fiber orientation at the tendon-bone interface was also shown to be
preserved along the direction of physiologic tension in porcine digital flexor tendons.
(Chandrasekaran et al. 2017). Additionally, histologic sections of skin show considerable
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orientation of collagen fibers along the lines of principal tension (Ridge et al. 1966). So,
examining the collagen fiber orientation in the SADP can provide important evidence on the axis
of the principal stress within the SADP and help determine the most appropriate specimen
orientation for testing the ultimate tensile strength.
In histologic studies of the digits of racing thoroughbreds in 1987, it was observed that in
midsagittal sections, in the area proximal to the distal tip of the distal phalanx, the collagen fibers
in the SADP were oriented vertically, perpendicular to the weight bearing surface of the hoof
(Linford, 1987). In studies of the SADP in warmblood horses in 1996, Pellmann described a
similar orientation of the collagen fibers in the SADP. Recently, investigators studying
Standardbred horses with a 55° distal phalanx angle (Figure 2.5, a) observed that, in histologic
sections cut in a transverse plane, perpendicular to the dorsal cortex of the distal phalanx (Figure
2.5, b), collagen fibers of the SADP appeared irregular, not in linear fashion ( Pollitt & Collins,
2016). However, when the plane of sectioning was inclined at an angle of 70° to the ground
surface (Figure 2.5, c), equivalent to 55° relative to the dorsal cortex of the distal phalanx (Figure
2.5, d), most collagen fibers within the SADP appeared in linear rows, oriented longitudinally in
the section, traversing from the epidermis of the hoof to the bone of the distal phalanx. This was
thought to indicate that for the collagen fibers suspending the distal phalanx, the true functional
axis was within the plane of the 70° sections. This led the authors to recommend that materials
testing of the SADP be performed along the functional axis of the collagen fibers and not in the
traditional transverse plane. The authors chose the 70° sectioning plane based on their
observations of the angle that the collagen bundles of the SADP appeared to subtend relative to
the ground surface in gross specimens; however, sagittal histologic sections were not used to
quantitate the axis of the fibers in the study and it seems likely that a sectioning plane several
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degrees above or below 70° may have also shown the collagen fibers as being primarily oriented
longitudinally in the section. Thus, additional objective quantification of collagen fiber
orientation in sagittal sections of the SADP may be warranted.
Each of the foregoing studies (Linford, 1987; Pellmann, 1995; Pollitt & Collins, 2016)
provide evidence that the principal axis of the collagen fibers in the SADP is not perpendicular to
the dorsal cortex of the distal phalanx as would be expected in the radial tension model of load
bearing

Figure 2.5

Midsagittal section of a digit with a 55° distal phalanx angle

Midsagittal section of a digit with a 55° distal phalanx angle (a). In a recent study of collagen
fiber orientation in the SADP ( Pollitt & Collins, 2016), histologic sections were cut in a
transverse plane, perpendicular to the dorsal cortex of the distal phalanx (b), and also at an angle
of 70° to the ground surface (c). The 70° sections were inclined at an angle of 55° relative to the
dorsal cortex of the distal phalanx (d).
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In addition to collagen fiber axis and specimen orientation, other factors such as
specimen size can significantly affect the results of tensile testing. A thin specimen can be tested
but may not be able to represent the true mechanical properties of the whole tissue (Ng et al.,
2005). To obtain the true mechanical properties of some structures such as tendons, whole
samples may be required (Ng et al., 2005).
Since the role of the SADP in suspending the distal phalanx from within the hoof wall is
extremely important and the consequences when the SADP fails are disastrous, and since the
SADP often fails when a forelimb is forced to take 60% of the body weight for prolonged
periods if the opposite forelimb is unable to bear weight, it would seem that quantitating the
strength of the attachment between hoof and bone would be important. Yet, very little data are
available on the ultimate tensile strength of the SADP (Hallab et al. 1991; Kochová et al. 2013;
Kochová et al. 2011) and data that are available for healthy digits of mature horses was obtained
from only 6 hooves. Additional testing is warranted, but the appropriate testing configuration
has not been conclusively determined.
Preliminary studies indicate that the radial tension model of principal stresses in the
SADP may more accurately represent the forces near breakover during locomotion than the
forces when the horse is standing at rest. During locomotion, tension in the deep flexor tendon is
near maximal just prior to breakover as the horse attempts to flex the digit and pull the hoof
caudally to propel the body forward over it. This produces substantial radial tension between the
distal phalanx and hoof which is engaged on the ground surface. Whereas while the horse is
standing at rest, the principal stresses within the SADP may be directed more vertically than
inward.
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Previous tests of the ultimate tensile strength of the SADP were performed according to
the radial tension model of loading, with the tensile axis perpendicular to the dorsal cortex of the
distal phalanx; however, observations of collagen fiber alignment also suggest it may be more
appropriate to test specimens with the loading axis perpendicular to the ground (Linford, 1987;
Pellmann, 1995) or nearly perpendicular to the ground (Pollitt & Collins, 2016).
To date, the studies reporting collagen fiber axis in the SADP have been primarily
observational. Current digital morphometric analysis software (Boudaoud et al. 2014) allows
specific quantitation of collagen fiber axis. Such analyses of sagittal sections of the SADP could
provide more definitive data on the collagen fiber axis and the most appropriate testing axis for
evaluating the ultimate tensile strength of the SADP. Analysis of the failure pattern of the SADP
tissues following radial tension testing could also provide additional information on fiber
alignment and appropriate testing configuration.
Both collagen fiber alignment and specimen size are likely to affect the pattern of tissue
failure during tensile testing.
When evaluating the mechanical properties of a structure, small specimens can be tested
but may not represent the true mechanical properties of the tissue (Ng et al., 2005). To
characterize the macrostructural properties of a tissue, the sample size must be significantly
larger than the size of the microstructure (Hallab et al. 1991). During a previous investigation, it
was noted that, for the SADP, a medial-to-lateral specimen width of 5 to 9 mm spanned up to 28
primary epidermal lamellae. So, for samples that size, the medial-to-lateral macrostructural
dimension was significantly larger than the microstructure (Hallab et al. 1991). Tissue samples
for that investigation also had a proximal-to-distal height of 5 to 9 mm; but the investigators did
not mention factors that were considered in choosing the sample height. Although collagen fiber
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alignment has been shown to be an important consideration for choosing the appropriate tensile
load orientation (Lynch, 2003; Momersteeg et al. 1995; Woo et al. 1991), it is also likely to be an
important factor to consider when choosing an appropriate sample height for SADP tests. Other
factors such as the foot axis of the digit and thickness of the corium may also be important when
examining the effects of collagen fiber alignment on appropriate sample height.
The proximal-to-distal height of test specimens would likely have little impact on radial
tension test results if collagen fibers of the SADP were principally oriented perpendicular to the
dorsal cortex of the distal phalanx as the radial tension model suggests they should be, because,
regardless of specimen height, the majority of fibers would be attached to both hoof and bone.
However, as noted before, several investigators have observed that the principal collagen fiber
axis is vertical or near vertical (Linford, 1987; Pellmann, 1995; Pollitt & Collins, 2016). Under
those conditions, proximal-to-distal specimen height may have a marked effect on radial tension
test results because, for thin specimens, proportionately fewer collagen fibers in the SADP of a
given radial tension test specimen (Fig. 2.3) would be anchored to both the hoof and bone than
for thick specimens. The proportion of vertically oriented fibers that are anchored to both the
hoof and the bone can be calculated for radial tension test specimens of any given proximal-todistal height when the foot axis and corium thickness are known.
The normal foot axis for equine forelimbs is 45 to 50° and for equine hindlimbs is 50 to
55° (Stashak, 1987) and the thickness of the corium for normal thoroughbred-sized horses is 5 to
6 mm (Linford, 1987; Linford et al. 1993). Thus, calculations show that for a sample with a
proximal-to-distal specimen height of 10 mm in a digit with a corium thickness of 6 mm and a
distal phalanx angle of 50°, less than 30% of the vertically-oriented collagen fibers in the test
area would be intact, anchored to both hoof and bone (Fig. 2.6). So, during radial tension testing
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of such a specimen, the test would mainly test the strength of the extrafibrillar matrix or fiber to
matrix crosslinks (Lynch, 2003) and therefore underrepresent the true ultimate tensile strength.
Specimens with a proximal to distal height of less than 7 mm would likely have no intact
vertically oriented collagen fibers anchoring the bone part of the specimen to the hoof part.

33

Figure 2.6

Test block size and collagen attachment

The SADP portion of a 10-mm-high tissue test block at the junction of the hoof and distal
phalanx. This illustration demonstrates that < 30% of the vertically oriented collagen fibers
within the SADP are anchored to both the hoof and bone parts of the test specimen for a tissue
test block that has a proximal-to-distal height of 10 mm in a horse with a 50° distal phalanx
angle and a 6-mm-thick SADP. DP-distal phalanx; NB-navicular bone; MP-middle phalanx;
DpAng-angle of the distal phalanx; SADP-suspensory apparatus of the distal phalanx; *-angle
formed between the dorsal surface of the distal phalanx and vertical collagen fibers of the SADP;
†-length of the portion of the SADP where vertical collagen fibers are attached only to the bone
part, and not to the hoof part of the tissue test block, calculated as SADP thickness / tangent 40°,
or 6 mm / 0.839 which equals 7.15 mm; ‡-area where vertical fibers of SADP are attached only
to the bone part, and not to the hoof part of the tissue test block; §-area where vertical fibers of
SADP are attached only to the hoof part, and not to the bone part of the tissue test block; #-area
comprising 28.5% of the SADP where vertical fibers of the SADP are attached to both the hoof
and the bone parts of the tissue test block.
So, for radial tension tests of SADP specimens with a proximal to distal height ≤ 7 mm,
failure is likely to occur within the extrafibrillar matrix (Figure 2.7). During such testing, small
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tissue blocks would have no intact collagen fibers completely spanning the hoof-bone junction,
and tissue failure along a diagonal line in the SADP oblique to the dorsal cortex, would indicate
failure in the extrafibrillar matrix, with the angle of inclination of the failure line approximating
the predominant collagen fiber axis.

Figure 2.7

Small specimen failure orientation

Expected tissue failure orientation in small specimens with vertical collagen fiber alignment
when the tensile load is applied perpendicular to the dorsal cortex of the distal phalanx.
For large specimens with vertically oriented collagen fibers, tough collagen fibers would
completely span the majority hoof-bone junction. So, if the test specimens were large tissue
blocks (Figure 2.8), or blocks cut to have the SADP intact along a large portion of the surface of
the dorsal cortex (Figure 2.9), testing the specimens to failure with the tensile load perpendicular
to the dorsal cortex would disrupt intact collagen fibers (Figure 2.8, A), the hoof-collagen
junction (dermal-epidermal junction; Fig. 2.8, B), the collagen-bone interface (Figure 2.8, C) or a
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combination thereof, as well as the extrafibrillar matrix, rather than just simply disrupting the
extrafibrillar matrix. Thus, the ultimate tensile strength recorded for large tissue blocks would
likely be significantly greater than that for small tissue blocks when the predominant collagen
fiber orientation is vertical. Whereas, if the collagen fiber orientation is predominantly
perpendicular to the dorsal cortex of the distal phalanx and the tensile load is applied
perpendicular to the dorsal cortex, no significant differences in ultimate tensile strength would be
expected between large and small tissue blocks.
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Figure 2.8

Large specimen failure locations

Potential tissue failure locations (A, B, C) for large specimens with vertical collagen fiber
alignment when the tensile load is applied perpendicular to the dorsal cortex of the distal
phalanx. Note that the hoof portion of the specimen is likely to shift distally with respect to the
bone as collagen fibers become aligned with the tensile load axis during uniaxial tensile testing.
A – collagen fibers and extrafibrillar matrix are disrupted, B – the hoof-collagen junction and
extrafibrillar matrix are disrupted, C – the collagen-bone interface and extrafibrillar matrix are
disrupted.
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Figure 2.9

Perpendicular load and vertically oriented collagen

Tissue block shown with vertically oriented collagen fibers and a tensile load applied
perpendicular to the dorsal cortex of the distal phalanx. Portions of the hoof have been removed
for testing purposes. The SADP has been intentionally left intact along the entire surface of the
dorsal cortex of the distal phalanx in the block to avoid transecting any vertically oriented
collagen fibers that connect the hoof to the bone.
Because the integrity of the SADP is so important to the health and soundness of the
horse and because current estimates of the ultimate tensile strength of the SADP in mature horses
are based on studies from only 6 healthy hooves, the objectives of this investigation were to
determine: 1) the ultimate tensile strength and other mechanical properties of the SADP in 20
healthy digits of 5 horses using the radial tension model of loading, 2) the effect of specimen size
on determination of the mechanical properties, and 3) the most appropriate loading configuration
for further tests by quantitating the predominant collagen fiber axis in sagittal histologic sections
of the SADP using digital morphometric analysis and by evaluating the failure properties of
tested specimens.
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Materials and Methods
Hoof procurement and sample preparation
Twenty healthy digits from 2 Quarter horses, 1 Tennessee Walking horse, 1 Missouri Fox
Trotter, and 1 Saddlebred (3 geldings and 2 mares) median age of 17.5 years (range 3.5 – 20),
weighing a median of 419 kg (range, 409-515 kg) were included in the study.
The horses were all being euthanized for other reasons and had no evidence of foot
problems based on clinical and radiographic evaluation of the digits. All procedures were
approved by and performed in accordance with Mississippi State University Institutional Animal
Care and Use Committee.
Prior to euthanasia the sole surface and frog sulci of the digits were cleaned and straight
lateromedial and 65° dorsoproximal-palmarodistal/plantarodistal radiographic views were
obtained for each digit using a Sound-Eklin™ digital radiography system with a MinRay™ Xray generator. Digital images were archived on a McKesson PACS™ archival system for
review. Weight bearing lateromedial radiographic views of the forelimb digits were obtained
with each forelimb digit positioned on an 8 cm block, both bearing equal weight as each image
was exposed; similar positioning was used for images of the rear digits with each hindlimb digit
on an 8 cm block, both bearing equal weight. Care was taken to ensure straight lateromedial
projections without obliquity by aligning the radiographic beam so that it passed perpendicular to
a sagittal plane through the digit while centered on the hoof capsule, 3 cm proximal to the
bearing surface. For each lateromedial view, the medial hoof wall was placed near the edge of
the block and the imaging plate positioned in the sagittal plane adjacent to the medial wall. For
the 65° dorsoproximal-palmarodistal/plantarodistal radiographic views, the horse stood on a
cassette tunnel containing the imaging plate. The focus-plate distance was 75 cm and exposure
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factors were 5 mAs at 85 kVp for the lateromedial radiographs and 10 mAs at 70 kVp for the 65°
dorsoproximal-palmaro/plantarodistal images.
Radiographic evaluation
Radiographs of each distal digit (hoof capsule and enclosed structures) were evaluated for
bony or soft tissue abnormalities involving the hoof or distal phalanx, including subtle
radiographic signs of laminitis (palmar rotation > 2°, hoof wall undulations or curvature, palmar
cortex resorption, distal dorsal cortical bone deposition) (Linford et al. 1993). If abnormalities
were identified, the horse was excluded from the study. The hoof angle (HfAng) and angle of
the distal phalanx (DpAng) were quantitated from the lateromedial radiographs (Figure 2.10)
using RadiAnt™ PACS-Dicom software and the amount of palmar rotation of the distal phalanx
was determined by: Palmar rotation = DpAng - HfAng.
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Figure 2.10

Lateromedial radiographic view of the digit of a horse

Schematic of a lateromedial radiographic view of the digit of a horse. MP-middle phalanx; DPdistal phalanx; EP-extensor process of the distal phalanx; NB-navicular bone; HF-hoof wall.
Points were identified on the dorsal cortex of the distal phalanx 6 mm proximal to the distal tip,
and 2 mm distal to the base of the extensor process. The distal phalanx angle (DpAng) was the
angle inscribed by the intersection of a line through the two points and a line along the bearing
surface of the digit. Two points were identified on the dorsal surface of the hoof wall adjacent to
those on the distal phalanx, and the hoof angle (HfAng) was the angle inscribed by the
intersection of a line through the two points on the hoof wall and a line along the bearing surface
of the digit.

Tissue processing
Immediately following humane euthanasia, the digits were obtained by disarticulation at
the metacarpo/metatarsophalangeal joint and processed to obtain samples of the hoof bone
junction for evaluating the ultimate tensile strength and other material properties of the SADP.
All materials testing was completed within 8 hours of euthanasia. The objective was to obtain a
large and a small SADP tissue block from every digit with each block centered equidistant from,
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and as close to the dorsal midline as possible. One block was cut to have a large area of SADP
covering the entire proximal-to-distal length of the dorsal cortex of the distal phalanx (large
block) and the other was cut to leave only a 10 mm X 10 mm area of SADP intact, spanning the
hoof-bone junction (small block) immediately interior to, and connecting a 10 mm X 10 mm
hoof block to the mid-dorsal portion of the distal phalanx. For both the large and the small
SADP blocks, a 10 mm X 10 mm X ~10 mm cube of hoof was left attached to the underlying
SADP to be clamped in the grips of the materials testing equipment. After a transverse band saw
cut parallel to the coronary band to remove the proximal and majority of the middle phalanges,
sagittal tissue sections were obtained by making 3 sagittal cuts through the hoof capsule and
distal phalanx (Figure 2.11). The section used to create the small tissue block (Figure 2.11A&B,
a) was cut to be 10 mm thick, centered 8 mm from the midline, and the section used to create the
large tissue block (Figure 2.11A&B, b) was cut to be 22 mm thick, with the center 8 mm to the
opposite side of the midline. Thus, the first sagittal cut (Figure 2.11B, 1) was made 13 mm off
midline and the second cut (Figure 2.11B, 2) was made 3 mm off midline to obtain an
approximately 10 mm-thick slab of tissue containing the hoof capsule, SADP, and distal phalanx.
The third sagittal cut (Figure 2.11B, 3) was made 19 mm to the opposite side of midline to obtain
an approximately 22 mm-thick slab of tissue containing the hoof capsule, SADP, and distal
phalanx. The centers of both tissue slabs (Figure 2.11B, +) were 8 mm off midline.
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Figure 2.11

Schematic of tissue cuts

A-Schematic of an equine digit showing the location of sagittal band saw cuts that were made to
produce tissue slabs (a,b) that were used to create the small and large tissue blocks for testing
material properties of the SADP. B-Dorsal view schematic of the distal digit showing the precise
location of the sagittal band saw cuts (1,2, and 3) relative to the midsagittal plane through the
digit (midline). The cuts were used to produce a 10 mm-thick sagittal slab of tissue (a), and a 22
mm-thick sagittal slab of tissue (b) each centered 8 mm from the midline (+).
To obtain the small tissue block from the 10 mm-thick sagittal tissue slab, a band saw
was used to trim the palmar portion of the distal phalanx away from the dorsal cortex (Figure
2.12A, 1), leaving only the most dorsal 15 mm of dorsal cortex attached to the hoof wall.
Transverse cuts were then made at the base of the extensor process (Figure 2.12A, 2) and
immediately distal to the tip of the distal phalanx (Figure 2.12A,3), further isolating a rectangular
block of dorsal cortex and attached hoof. Transverse cuts were then made with the band saw
perpendicular to the surface of the hoof, almost completely through the hoof wall from exterior
to interior, centered 13 mm and 23 mm proximal to the tip of the distal phalanx (Figure 2.12A, 4
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and 5). The cuts were continued through the stratum internum of the hoof and the SADP down
to the dorsal cortex of the distal phalanx with a razor blade. The cuts produced an approximately
10 mm X 10 mm block of hoof with attached SADP anchored to the mid-dorsal cortex of a 10
mm-thick sagittal block of the dorsal cortex of the distal phalanx. The SADP proximal and distal
to the 10 mm X 10 mm hoof block was trimmed away from the distal phalanx using scalpel with
a #15 blade leaving only the 10 mm X 10 mm hoof and SADP tissue block (Figure 2.12-B).

Figure 2.12

Illustration of tissue cuts for small block tissue samples

A- Illustration showing a 10 mm-thick sagittal tissue slab of hoof and distal phalanx with the
band saw cuts (1-5) that were used to create a small tissue block for testing material properties of
the SADP. Partial thickness cuts through the hoof wall (4 and 5) were completed through the
SADP to the surface of the dorsal cortex using a razor blade. B-Additional cuts using a scalpel
and #15 blade were used to sever the bony attachment of the SADP proximal and distal to the
central 10 mm X 10 mm hoof block producing a small tissue block specimen suitable for
clamping in the grips of a materials testing instrument.
To obtain the large tissue block from the 22 mm-thick sagittal tissue slab, a band saw was
used to trim the palmar portion of the distal phalanx away from the dorsal cortex (Figure 2.13A,
1), leaving only the most dorsal 15 mm of dorsal cortex attached to the hoof wall. Transverse
cuts were then made at the base of the extensor process (Figure 2.13A, 2) and immediately distal
to the tip of the distal phalanx (Figure 2.13A,3), further isolating a rectangular block of dorsal
cortex and attached hoof. Transverse cuts were then made with the band saw perpendicular to
44

the surface of the hoof, almost completely through the hoof wall from exterior to interior,
centered 13 mm and 23 mm proximal to the tip of the distal phalanx (Figure 2.13C, 4 and 5).
Following the transverse cuts, longitudinal cuts were made, also almost completely through the
hoof wall from exterior to interior, 6 mm from the medial and lateral edges of the tissue slab
(Figure 2.13C, 6 and 7). The cuts isolated a 10 mm X 10 mm square piece of hoof, centered
along the mid-dorsal aspect of the dorsal cortex of the attached portion of the distal phalanx
(Figure 2.13C, X).
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Figure 2.13

Illustration of tissue cuts for large block tissue samples

A- Illustration showing a 22 mm-thick sagittal tissue slab of hoof and distal phalanx with the
band saw cuts (1-3) that were used to isolate a large block of hoof and dorsal cortex of the distal
phalanx. B-Slightly oblique view of the most dorsal part of the sagittal tissue slice. CTransverse cuts (4 and 5) were made in the large tissue block almost completely through the hoof
wall from exterior to interior, extending to the junction of the stratum medium and stratum
internum. Following those cuts, similar longitudinal band saw cuts (6 and 7) were also made
almost completely through the hoof wall, extending to the junction of the stratum medium and
stratum internum, to isolate a central 10 mm X 10 mm portion of hoof (X).
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The hoof portion of the large tissue block was then secured to a clamp device and coping
saw cuts were made, parallel to the surface of the hoof, at the junction of the stratum internum
and stratum medium of the hoof to remove the excess hoof wall and leave only the central 10
mm X 10 mm square piece of hoof protruding from the stratum internum. Care was taken to
ensure that the remaining central hoof block was attached only to the underlying SADP and not
to surrounding parts of adjacent stratum medium by incising residual stratum medium along the
block margins down to the level of the stratum medium-SADP junction using a #11 blade. After
the excess hoof was removed, the SADP remained intact over the entire dorsal cortex of bone in
the 22 mm-thick slab, anchoring the protruding 10 mm X 10 mm square piece of hoof to the
dorsal cortex, creating the large tissue block.
Biomechanical testing:
Uniaxial tensile tests were performed using the MTI-2K Universal Materials testing machine
with a 10 kN load cell. (Figure 2.14)

Figure 2.14

Radial tension testing setup

Materials testing setup for radial tension tests of the large (A) and small (B) tissue blocks.
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Both the large and small tissue block samples were clamped with grips on the central
hoof block and bone surfaces and tested in radial tension with the dorsal surface of the distal
phalanx perpendicular to the direction of tension (Figure 2.14, A and B).
Based on preliminary studies of radiographic assessment of distal phalanx displacement
as horses transitioned from bearing weight equally on both forelimbs to bearing weight on a
single forelimb, combined with force plate studies of the elapsed time between hoof contact and
maximal vertical force in walking horses (Schamhardt & Merkens, 1994), a crosshead
displacement rate of 8.33x10-5 m sec-1 ( 5mm/sec) was chosen to approximate the estimated rate
of strain within the SADP on impact by a horse moving at the walk or shifting weight from limb
to limb while standing. Samples were tested to failure in order to determine the ultimate tensile
strength and other material properties of the SADP. Load and displacement data were obtained
directly from the materials testing machine by a computer acquisition system at 10 Hz. A force
displacement curve was created using the data from each uniaxial tensile test. The force
displacement data was normalized into stress by dividing force by the cross sectional area of the
specimen at the hoof/SADP interface (𝜎 = 𝐹/𝐴) and strain by dividing the change in specimen
length by the original length in the direction of tension (𝜖 = ∆𝑙 ⁄ 𝑙) measured from hoof to bone
using micrometer calipers. The mechanical property data derived from the stress-strain graphs
included ultimate tensile strength, strain to maximum load, elastic modulus, resilience, and
toughness (Figure 2.15).
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Figure 2.15

Mechanical properties data

Mechanical properties derived from the stress-strain curve created using the force displacement
data from each test specimen. The displayed curve represents the average of the individual
stress-strain curves obtained from multiple large tissue blocks tested in radial tension. AUltimate tensile strength, B- elastic modulus or stiffness (slope of the steep straight-line portion
of the curve), C- strain to maximum load. The area under elastic portion of the stress/strain
curve to the materials yield point (lined area) is a measure the modulus of resilience. It represents
the amount of strain energy per unit volume the tissue can absorb without permanent
deformation. The blue shade area represents toughness, which is the total amount of strain
energy per unit volume the tissue can absorb prior to completely failing.

Gross, histological, and morphometric analysis of the tissue specimens after mechanical
testing:
After mechanical testing, the hoof and bone parts of the test specimens were
photographed and a digital photo of the site of failure on the interior hoof surface of each
specimen was ported into ImageJ, a public domain image analysis program (W.S. Rasband, n.d.).
The image analysis software was used to determine the proportion of the specimen surface with
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dermal tissue still attached to the epidermal lamellae following failure (Fig. 2.16) as an
indication of the failure location. The failure site was located within the lamellar zone for areas
on the interior hoof surface with bare exposed epidermal lamellae, and within the dermis for
areas of the interior hoof surface where the epidermal lamellae were still covered by collagenous
tissue of the dermis.

Figure 2.16

Failure site on the interior surface of the hoof

Photograph of the site of failure on the interior surface of the hoof part of a test specimen. The
cross-sectional area of the portion of the planar surface covered by adherent dermal tissue (area
enclosed by dashed line, A) was quantitated and divided by the cross-sectional area of the entire
interior planar surface of the hoof specimen (area bounded by the solid line, B) to determine the
proportion of the specimen surface with dermal tissue still attached. This proportion represented
the proportion of the failure site that occurred within the dermis, interior to the lamellae.
After mechanical testing was completed and photographs of the samples had been
obtained, the transverse and longitudinal dimensions of each specimen were measured with
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micrometer calipers. The specimens were then placed in 10% neutral buffered formalin for
fixation prior to histological processing. Following fixation for at least 7 days, the bone side of
each specimen was placed in Kristensen’s decalcifying solution for approximately 3 weeks
before further processing. A 2 mm-thick sagittal section was cut from the side of the bone part
of each large tissue block closest to the midline of the digit. The section was trimmed to include
a thin layer of hoof, the entire SADP, and 2 mm of the dorsal cortex of the distal phalanx. The
approximate interior-to-exterior X proximal-to-distal dimensions of each sagittal tissue section
were, respectively 8 mm X 8 to 14 mm. Sagittal sections were routinely processed and
embedded in glycol methacrylate, (JB-4® embedding kit), sectioned at 4 µm, mounted on glass
slides, stained with picrosirius red (Cerri PS, 2003) and digitally scanned with a Scan Scope CS
slide scanner (Aperio Technologies, Inc.). The scanned slide images were opened with
IrfanView imaging software, saved as jpeg files and then ported to ImageJ (W.S. Rasband, n.d.)
image processing software, to quantify the predominant axis of the collagen fibers (Fig. 2.17).
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Figure 2.17

Picrosirius red stain for quantification of collagen fiber axis

Large tissue test block shown in context within the sagittal slab of hoof and distal phalanx tissue
(A). B-Large tissue block following the radial tension test procedure. The location of the tissue
used to obtain the sagittal histologic section is outlined. C-Sagittal histologic section of the
interior hoof, lamellae, corium, and dorsal cortex of the distal phalanx. The section was stained
with picrosirius red for quantification of the predominant fiber axis of the dermal collagen of the
corium. Gridlines are superimposed over the image by the analysis software (ImageJ; (W.S.
Rasband, n.d.) to divide the collagen of the corium into 4 zones, the: bone insertion (Bi Zone),
deep dermis (Dd Zone), superficial dermis (Sd Zone), and primary dermal lamellar (Pdl Zone)
zones. This facilitated selection of representative regions in each zone for determination of the
collagen fiber angle, away from areas of irregular collagen fiber alignment around vessels,
lymphatics, and nerves. Two representative regions, separated by at least one grid space, were
outlined in each zone (light green polygons) for fiber axis quantification. Following selection of
specific regions for analysis, the FibrilTool ImageJ plugin (Boudaoud et al. 2014) was used to
determine the collagen fiber alignment, record the data, and place a blue line along the
predominant fiber axis in each region. In part of the section, the sagittal plane of sectioning was
within the plane of a primary epidermal lamellae (PEL) which stained pale yellow and was
contiguous with the thin layer of hoof tissue present at the top of the section. Where the plane of
the section was away from the PEL but immediately adjacent to it, alternating sheets of
secondary epidermal and secondary dermal lamellae (SEL and SDL), each projecting interiorly
at an angle from the PEL, were seen cut in parallel rows. The plane of the section was also
within a primary dermal lamella (PDL) in some areas. *-tissue artifact.
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In the analysis program, the image was positioned so the dorsal surface of the dorsal
cortex of the distal phalanx was aligned horizontally, parallel to the baseline of the viewing
window and the proximal aspect of the tissue was to the right. To ensure that areas
representative of the collagen fiber axis in different regions of the corium were selected for
analysis, a grid was superimposed over the image to divide the dermal collagen of the corium
into 4 zones. The zones encompassed collagen within the primary dermal lamellae (Fig. 2.17-C,
Pdl Zone), the superficial layer of the dermis in the corium of the wall (Fig. 2.17-C, Sd Zone),
the deep layer of the dermis in the corium of the wall (Fig. 2.17-C, Dd Zone), and the
mineralized portion of the collagen insertion site into the bone of the distal phalanx (Fig. 2.17-C,
Bi Zone). The grid size was chosen to evenly split the corium of the wall into superficial and
deep zones. All of the collagen that could be visualized within a primary dermal lamella was
included in the primary dermal lamellar zone. After the grid was superimposed over the image,
the collagen fiber axis was determined for representative regions within each zone by outlining
the representative regions with a polygonal bounding box (Fig. 2.17-C, green polygons). The
FibrilTool ImageJ plug-in was then used to calculate the mean fiber axis within each region
relative to the dorsal surface of the distal phalanx. On application of the tool, a blue line (Fig.
2.17-C, blue lines) representing the mean fiber axis was drawn in the region and the mean fiber
axis, reported as the proximal angle formed between the mean fiber axis and the dorsal cortex of
the distal phalanx (Fig 2.18. - DpToCollAxisAng), the region location, and degree of fiber
anisotropy were recorded into a file for export to a spreadsheet. Within a zone, starting at the 2nd
grid block from the left, a region was selected for analysis when collagen fiber alignment in a
contiguous area appeared representative of that in the grid block and could be selected without
interposed whitespace, vessels, nerves, or lymphatics. After skipping one grid block, and any
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interposed grid blocks that contained primarily vessels nerves or lymphatics, a 2nd area was
chosen in the same way within the next grid block in the zone. Two areas from each zone were
analyzed in the sagittal tissue section of every digit of every horse. The data from FibrilTool for
each tissue section was then exported to a spreadsheet for analysis. The forward-facing angle
between the bearing surface of the digit and the mean collagen fiber axis (BsToCollAxisAng) for
the collagen fibers in each zone was calculated as: BsToCollAxisAng = 180 – (DpAng +
DpToCollAxisAng), (Fig. 2.18).

Figure 2.18

Collagen axis angle measurements in relation to structures of the digit.

Collagen axis angle measurements in relation to major structures of the digit. HF – hoof wall; DP
– distal phalanx; DpToCollAxisAng – proximal angle formed between the dorsal cortex of the
distal phalanx and the mean collagen fiber axis; DpAng – angle formed between a line along the
dorsal cortex of the distal phalanx and a line along the bearing surface of the digit;
BsToCollAxisAng – the forward-facing angle between a line along the bearing surface of the
digit and a line extended along the mean collagen fiber axis; * - angle that is vertical to, and
congruent to the DpToCollAxisAng. Since the sum of the angles of the triangle formed by: 1) a
line along the dorsal surface of the distal phalanx, 2) a line along the bearing surface of the digit,
and 3) a line extended along the collagen fiber axis to the bearing surface of the digit, equals
180°; and since the size of the angle “*” is the same as that of the DpToCollAxisAng, the
BsToCollAxisAng can be found by the formula: BsToCollAxisAng = 180 – (DpAng +
DpToCollAxisAng).
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Transverse 2 mm-thick sections were cut from the hoof and bone parts of representative
large tissue blocks for histologic assessment of the failure site after mechanical testing. The
transverse tissue specimens were cut approximately 1 mm and 7 mm distal to the proximal
margin of the blocks (Fig. 2.19) in areas of the failure site that were judged to have occurred
within the lamellar region (proximal section), and within the dermis or bone/dermis junction
(distal section).

Figure 2.19

Transverse histologic sections of large block SADP.

Location of the transverse histologic sections of the hoof and bone parts of a representative large
SADP tissue block. A-test block shown in context within the 22 mm-thick sagittal slab of hoof
and distal phalanx tissue. B-test block following failure with the hoof part of the failed specimen
lying on the surface of the remaining bone and SADP part of the block. The location of the
transverse histologic sections obtained from bone part of the specimen are outlined (1). C-hoof
part of the failed test specimen with the relative location of the transverse histologic sections
obtained from the specimen outlined (2).
Transverse tissue sections were also obtained from the same relative locations of the hoof
and bone parts of representative small tissue blocks.
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The 2 mm-thick transverse tissue sections obtained for histologic processing were
routinely processed and embedded in paraffin, sectioned at 5 µm, mounted on glass slides,
stained with hematoxylin and eosin, and digitally scanned with a Scan Scope CS slide
scanner (Aperio Technologies, Inc.). Scanned slide images were opened with IrfanView
imaging software, saved as jpeg files, and then inspected visually. Visual inspection of the
digital images of the histological tissues was done to determine the principal location of tissue
failure.
Statistical analysis
Materials testing
The effect of SADP tissue block configuration (Config.; small or large) and Limb (front
or hind) on variables measuring the mechanical properties of the SADP obtained from the
biomechanical test results was assessed by mixed model multiple variable linear regression using
PROC MIXED in SAS for Windows 9.4 (SAS Institute, Inc., Cary, NC). Separate models were
created for the ultimate tensile strength, modulus of elasticity, strain to maximum load,
resilience, and toughness outcomes. Initially, the main effects of Config and Limb, as well as the
interaction Config *Limb were included as fixed effects. Horse identity was included as a
random effect in all models. For all models, the interaction term was removed if nonsignificant.
Main effects were left in the model regardless of significance.
Morphometric assessment of collagen fiber axis within the SADP
The effect of location within the SADP (Zone: Bi, Dd, Sd, and Pdl zones), Limb (front or
hind), and angle of the distal phalanx (DpAng) on the variables assessing the predominant fiber
axis of dermal collagen within the corium was evaluated by mixed model multiple variable linear
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regression using PROC MIXED in SAS for Windows 9.4 (SAS Institute, Inc., Cary, NC).
Separate models were created for the proximal angle between dorsal surface of the distal phalanx
and the mean collagen fiber axis (DpToCollAxisAng), (Fig. 2.18), and the forward-facing angle
between bearing surface and the mean collagen fiber axis (BsToCollAxisAng), (Fig. 2.18).
Initially, the main effects of Zone, Limb, and DpAng as well as the interactions Zone*DpAng
and Zone*DpAng*Limb were included as fixed effects. Horse identity was included as a
random effect in each model. For both models, the interaction terms were removed if
nonsignificant. Main effects were left in the model regardless of significance.
Because the Zone*DpAng interaction was significant, the relationship between the mean
collagen fiber axis and the angle of the distal phalanx was further evaluated specifically for each
zone by linear regression.
Photographic assessment of failure location
The effect of tissue block configuration (Config.; small or large) and Limb (front or hind)
on proportion of the failure site considered to be within the dermis versus the lamellar zone was
also assessed by mixed model multiple variable linear regression using PROC MIXED in SAS
for Windows 9.4 (SAS Institute, Inc., Cary, NC). Initially, the main effects of Config and Limb,
as well as the interaction Config*Limb were included as fixed effects. Horse identity was
included as a random effect in the model. The interaction term was removed from the model if
nonsignificant. Main effects were left in the model regardless of significance.
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Validity of data assumptions for the statistical methods
For each of the variables assessed by mixed model multiple variable linear regression, the
distribution of the conditional residuals was evaluated for each outcome to ensure the
assumptions of the statistical method had been met for that model.
For variables assessed by linear regression, the data was checked for normality using the
Shapiro-Wilk’s test.
For all statistical tests, an alpha level of 0.05 was used to determine statistical
significance. Where multiple group comparisons were made, the method of Scheffe was used to
adjust the level of significance to account for the multiple comparisons.
Results
Mechanical properties of the SADP
The SADP tissue block configuration had a significant effect on the mechanical
properties of the tissue. The ultimate tensile strength of the large SADP tissue block specimens
was significantly greater than that of the small SADP tissue block specimens, respectively 4.13 ±
0.21 versus 3.07 ± 0.21 MPa (P < 0.0001), (Fig. 2.20). The strain at maximum load was also
significantly greater for the large SADP tissue block specimens, 0.64 ± 0.038, as opposed to that
for the small SADP tissue block specimens, 0.46 ± 0.039 (P < 0.0001).
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Figure 2.20

Representative stress strain graphs of large and small SADP specimens.

The displayed stress strain curves were obtained by curve averaging using the individual curves
for the large SADP specimens and similarly for the small SADP specimens. A-large SADP
tissue block: a-slope of linear portion of curve = stiffness, 10.9 MPa; b-strain to maximum load,
0.64; c-ultimate tensile strength, 4.13 MPa; d-resilience (lined area), the strain energy per unit
volume the tissue can absorb without permanent deformation, 0.37 MJ m-3; e-toughness (blue
shaded area), the strain energy per unit volume the tissue can absorb prior to complete failure,
2.56 MJ m-3; B-small SADP tissue block: f-slope of linear portion of curve = stiffness, 11.7
MPa; g-strain to maximum load, 0.46; h-ultimate tensile strength, 3.07 MPa; i-resilience (lined
area), the strain energy per unit volume the tissue can absorb without permanent deformation,
0.21 MJ m-3; j-toughness (blue shaded area), the strain energy per unit volume the tissue can
absorb prior to complete failure, 1.40 MJ m-3.
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The resilience of the SADP for the large SADP tissue block specimens, 0.37 ± 0.023 MJ
m-3, was significantly greater than that for the small SADP tissue block specimens, 0.21 ± 0.024
MJ m-3 (P ˂ 0.0001), and the toughness of the SADP was also significantly greater for the large
SADP tissue block specimens versus the small SADP tissue block specimens, respectively, 2.56
± 0.13 MJ m-3 versus 1.40 ± 0.14 MJ m-3 (P ˂ 0.0001).
Interestingly, the elastic modulus, or stiffness of the SADP tissue specimens did not
differ significantly between the large SADP tissue block specimens and the small SADP tissue
block specimens, respectively, 10.9 ± 1.7 versus 11.7 ± 1.7 MPa (P = 0.3984).
Radiographic assessment of distal phalanx angle
The mean distal phalanx angle for the digits of the horses in this study was 50.5° ± 0.71°
(mean ± SE) and there was no significant difference in angle noted between the forelimb and
hindlimb digits, respectively 50.1° ± 0.89° versus 51.0° ± 1.13° (P = 0.5143)
Morphometric assessment of collagen fiber axis within the SADP
The mean collagen fiber axis relative to the dorsal cortex of the distal phalanx (Fig. 2.18,
DpToCollAxisAng), across all dermal zones, was 38.3° ± 1.1°; however, significant differences
in fiber axis were observed among the zones (P < 0.05) (Table 1). The distal phalanx to collagen
fiber axis angle within the bone insertion zone was 48.0° ± 1.6° (mean ± SE), which was
significantly greater than that for all other regions (P < 0.05). The mean collagen fiber axis
relative to the bearing surface of the digit (Fig 2.18, BsToCollAxisAng), across all dermal zones,
was 91.2° ± 1.2° but, significant differences in fiber axis were again noted among the zones (P <
0.05) (Table 1). The bearing surface to collagen fiber axis angle within the bone insertion zone
was 81.5° ± 1.6° which was significantly less than that for all other regions (P < 0.05).
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Table 2.1

Collagen fiber axis angle measurements

Mean and SE Values for Collagen Fiber Axis Angle Measurements in Four Dermal Zones,
Measured from Sagittal Histologic Sections of the SADP Taken at the Mid-Dorsal Aspect of
Each Digit
DpToCollAxisAng

BsToCollAxisAng

Zone

Mean

SE

Significance

Mean

SE

Significance

PDL (°)

38.8

1.4

a

90.7

1.2

a

Sd (°)

32.2

1.7

b

97.2

1.7

b

Dd (°)

34.2

2.2

ab

95.3

2.5

ab

Bi (°)

48.0

1.6

c

81.5

1.6

c

DpToCollAxisAng = proximal angle formed between the dorsal cortex of the distal phalanx and
the mean collagen fiber axis for the zone. BsToCollAxisAng = forward-facing angle between
the bearing surface of the digit and the mean collagen fiber axis for the zone. PDL = primary
dermal lamellar zone. Sd = superficial layer of the dermis zone. Dd = deep layer of the dermis
zone. Bi = mineralized portion of the collagen insertion site into the bone of the distal phalanx
(bone insertion) zone. Rows with different superscripts (a,b,c) are significantly different (P <
0.05)
In evaluating the distal phalanx to collagen fiber axis angle, the interaction effect of distal
phalanx angle*limb*zone was not significant (P > 0.05) and was dropped from the model.
However, the distal phalanx angle*zone interaction effect was significant (P < 0.05) and was
evaluated further by linear regression to check the effect of distal phalanx angle on the distal
phalanx to collagen fiber axis angle within each specific zone. In the primary dermal lamellar
zone, the distal phalanx to collagen fiber axis angle was significantly related to the angle of the
distal phalanx as follows: DpToCollAxisAng = 92.8° - 1.07*DpAng, (P < 0.05). So, since
BsToCollAxisAng = 180 – (DpAng + DpToCollAxisAng) (Fig. 18), as the DpAng increased, the
DpToCollAxisAng decreased by approximately the same amount, maintaining a constant
61

BsToCollAxisAng at approximately 90° in the primary dermal lamellar zone. The effect of
distal phalanx angle on the distal phalanx to collagen fiber axis angle in the other zones was not
significant (P > 0.05).
In evaluating the bearing surface to collagen fiber axis angle, the interaction effect of
distal phalanx angle*limb*zone was not significant (P > 0.05) and was dropped from the model.
However, the distal phalanx angle*zone interaction effect was significant (P < 0.05) and was
evaluated further by linear regression to check the effect of distal phalanx angle on the distal
phalanx to collagen fiber axis angle within each specific zone. In the deep dermis zone, the
bearing surface to collagen fiber axis angle was significantly related to the angle of the distal
phalanx as follows: BsToCollAxisAng = 191.5° - 1.90*DpAng, (P < 0.05). Thus, as the DpAng
increased, the BsToCollAxisAng decreased in the deep dermal zone. The effect of distal phalanx
angle on the bearing surface to collagen fiber axis angle was not significant for the other zones
(P > 0.05).
Assessment of failure location within the test blocks
On examining the failed large SADP tissue block specimens after testing (Fig. 2.21), it
was noted that, in the proximal portion of the tissue block, the specimens failed along an
exterioproximal to interiodistal line, leaving dermal collagen fibers attached to the distal aspect
of the hoof part of the specimen at an approximately 40°angle of inclination to the interior hoof
wall (Fig. 2.21-B, 40°). This left bare, exposed epidermal lamellae in the most proximal 25.1 ±
6.5% of the hoof part of the specimens (Fig. 2.21-E and F,*) where the dermal lamellae appeared
to have pulled free from the epidermal lamellae and remained with the bone part of the specimen
(Fig. 2.21-C, †). In the distal 74.9 ± 6.5% of the hoof part of the specimen, failure appeared to
have occurred within the dermis or at the bone/dermis junction, as the distal epidermal lamellae
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(Fig. 2.21-D, §) were covered by dermal tissue (Fig. 2.21-D, E and F; ‡) and the corresponding
bone parts of the tissue specimen were covered by granular-appearing dermal tissue (Fig. 2.21-C,
#) or were left bare, with small areas of exposed bone surface. Following specimen failure,
dermal tissue extended distal to the distal aspect of the hoof portion of the specimen (Fig. 2.21-B
and D)
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Figure 2.21

Large SADP tissue test block before and after testing.

A-pre-test test block shown in context within the 22 mm-thick midsagittal slab of hoof and distal
phalanx tissue. B-test block following failure with the hoof part of the failed specimen lying on
the surface of the remaining bone and SADP part of the block. Note the proximal angle of
inclination between the failure line and the interior hoof wall is approximately 40° for this
specimen, which was typical. C-view of the bone part of the large SADP tissue test block
following failure. Note that dermal lamellae can be seen attached to bone in the proximal part of
the failure site (†), whereas granular-appearing dermal tissue is visible on the bone surface in the
distal part of the failure site (#). D-view of the distal aspect of the hoof part of the large SADP
tissue test block following failure. Note that intact interdigitating dermal and epidermal lamellae
can be seen in the lamellar zone at the distal edge of the hoof block (§), and that failure in the
distal aspect of the specimen occurred within the deep dermis (‡). E-oblique view of the interior
aspect of the hoof part of the large SADP tissue test block following failure. Note that following
failure, exposed epidermal lamellae, without a dermal collagen covering, are visualized in the
proximal part of the hoof piece of the test block (*), whereas the epidermal lamellae are covered
by granular dermal tissue in the distal portion of the specimen (‡). F-palmar view of the interior
aspect of the hoof part of the large SADP tissue test block following failure. Note that following
failure, exposed epidermal lamellae, without a dermal collagen covering, are visible in the
proximal part of the hoof piece of the test block (*), whereas the epidermal lamellae are covered
by granular dermal tissue in the distal portion of the specimen (‡).
Histologic sections taken from the proximal portion of the failed large SADP tissue
blocks, in the area of the exposed epidermal lamellae (Fig. 2.21-E and F, *), confirmed that the
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tissue in that area failed within the lamellar zone (Fig. 2.22-A, *) by separation of the dermal
from the epidermal lamellae, with the primary (Fig. 2.22-A, PEL) and secondary epidermal (Fig.
2.22-A, SEL) lamellae remaining attached to the hoof part of the specimen and the dermal
lamellae remaining attached to the bone. Histologic sections taken from the distal part of the
failed tissue test blocks, in the area where the epidermal lamellae remained covered by dermal
collagen (Fig. 2.21-E and F, †), confirmed the site of failure in that location to be within the
collagen of the dermis, deep to the lamellae (Fig. 2.22-B, †).

Figure 2.22

Histologic sections of large block failure site

Transverse histologic sections of the interior hoof, lamellae, and corium at the failure site in the
proximal (A) and distal (B) aspects the hoof portion of a large SADP tissue block specimen. In
the proximal section (A), the tissue failed within the lamellar region (*). Note the bare, exposed
primary (PEL) and secondary (SEL) epidermal lamellae attached to the hoof with no dermal
lamellae present. The rectangular region outlined by a solid line (_____) is shown at higher
magnification in Figure 2.23. In the distal section (B), the tissue failed within the deep dermis
(†) with primary (PDL) and secondary dermal lamellae present and interdigitating with primary
(PEL) and secondary epidermal lamellae. The rectangular region outlined by a dashed line (----) is shown at higher magnification in Figure 2.24.
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Figure 2.23

Higher magnification of laminae shown in Fig. 2.22-A

Higher magnification of the rectangular area enclosed by the solid line (____) in the lamellar
region of the proximal transverse histologic section shown in Figure 2.22-A. Note the bare,
exposed primary (PEL) and secondary (SEL) epidermal lamellae with no dermal lamellae
present.
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Figure 2.24

Higher magnification of laminae shown in Fig. 2.22-B

Higher magnification of the rectangular area enclosed by the dashed line (----) in the lamellar
region of the distal transverse histologic section shown in Figure 2.22-B. Note the primary
(PDL) and secondary (SDL) dermal lamellae interdigitating with the primary (PEL) and
secondary (SEL) epidermal lamellae.
On examining the failed small SADP tissue block specimens after testing (Fig. 2.25), it
was noted that the specimens also primarily failed along an exterioproximal to interiodistal line,
leaving a large triangular section of dermal tissue attached to the distal phalanx proximally (Fig.
2.25-B and C, ‡) and a corresponding triangular section of dermal tissue attached to, and
covering, the epidermal lamellae of the hoof distally (Fig. 2.25-B, C and D, *). The angle of
inclination between the tissue failure line and the dorsal surface of the distal phalanx was
between 35° and 40° for most specimens (Fig. 2.25-B, 38°). In the proximal portion of the hoof
part of each specimen, the dermal tissue appeared to have been pulled away from the epidermal
lamellae, leaving bare, exposed epidermal lamellae (Fig. 2.25-B, C and D, †). The proportion of
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the internal surface of the small SADP tissue block hoof specimen with bare, exposed epidermal
lamellae was 22.3 ± 6.5%. The distal portion of the internal surface of the hoof part of the block
was covered with dermal collagen (Fig. 2.25-B, C and D, *).

Figure 2.25

Small SADP tissue test block before and after testing.

A-pre-test test block shown in context within the 22 mm-thick midsagittal slab of hoof and distal
phalanx tissue. B-lateral view of the small SADP tissue test block following failure. Note the
proximal angle of inclination between the failure line and the dorsal cortex of the distal phalanx
is 38° for this specimen, which was typical. C-oblique view of the small SADP tissue test block
following failure. D-view of the interior aspect of the hoof part of the small SADP tissue test
block following failure. Note that following failure of the small SADP tissue test block (B, C,
D), a triangular section of dermal tissue can be seen covering the epidermal lamellae in the distal
part of the hoof piece of the test block (*) with the corresponding proximal triangular section of
failed dermal tissue attached to the bone part of the test block (‡). Exposed epidermal lamellae,
without a dermal collagen covering, are visible in the proximal part of the hoof piece of the test
block (†).
Following testing, the percentage of the hoof portion of the small SADP tissue block
surface covered by dermis was 77.8 ± 6.5% which was not significantly different from the
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percentage of the hoof portion of the large SADP tissue block surface covered by dermis74.9 ±
6.5%, (P = 0.6669).
Discussion
The objectives of this investigation were to determine: 1) the ultimate tensile strength and
other mechanical properties of the SADP in 20 healthy digits, 2) the effect of specimen size on
determination of the mechanical properties, and 3) the most appropriate loading configuration for
further tests by quantitating the predominant collagen fiber axis in the SADP and by assessing
the specimen failure pattern in specimens loaded in radial tension.
When determining the mechanical properties of biological tissues such as tendon or
ligament which are considered to have viscoelastic behavior, the loading rate can influence the
estimates of ultimate tensile strength and tissue stiffness, or modulus of elasticity (Knudson,
2007). Tendon and ligament specimens commonly display higher ultimate tensile strength and
stiffness when tested at high displacement rates than when tested at lower displacement rates
(Knudson, 2007). The SADP connection between the distal phalanx and hoof has been
considered similar to that of ligament (Pellmann, 1995; Pollitt & Collins, 2016), and has recently
also been described to display viscoelastic behavior (Kochová et al. 2013). The specimens for
this study were loaded at an approximation of the estimated distal phalanx displacement rate on
impact in a walking horse, 8.33x10-5 m sec-1, which is between the displacement rates of
1.41x10-5 m sec-1 (Hallab et al. 1991) and 8.33x10-3 m sec-1 (Kochová et al. 2011; Kochová et
al., 2013) that were used during the 3 previous studies reporting ultimate tensile strength values
for the SADP.
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The 3 previous studies that reported ultimate tensile strength values for the SADP all
tested the hoof specimens in radial tension (Hallab et al. 1991; Kochová et al. 2013; Kochova et
al. 2011), and we chose to test the SADP specimens radial tension as well, for comparison.
Configuration of the test specimens was slightly different for the present study than that
of the 3 previous studies of ultimate tensile strength (Hallab et al. 1991; Kochová et al. 2013;
Kochova et al. 2011), in that previous studies used rectangular test blocks that spanned hoof and
bone with transverse and proximal-to-distal dimensions that were between 5 and 10 mm each,
(Fig. 2.3).
The size of the hoof portion of both the large and small SADP tissue blocks for the
present study was like that of the largest specimens used for the previous studies of ultimate
tensile strength. But, since several investigators (Linford, 1987; Pellmann, 1995; Pollitt &
Collins, 2016), have indicated that the collagen fibers in the SADP are primarily oriented
vertically, or near vertically, it was decided that, considering the mean distance from interior
hoof to dorsal cortex of the distal phalanx is approximately 6 mm (Linford, 1987; Linford et al.
1993), and the mean distal phalanx angle for horses of the study was approximately 50°, testing a
bone block with a proximal to distal SADP length of only 1 cm would result in testing less than
30% of the intact vertically-oriented collagen fibers in the specimen (Fig. 2.6) and potentially
mainly test the strength of the extrafibrillar matrix or fiber to matrix crosslinks (Lynch, 2003).
Therefore, the bone and attached SADP part of the large SADP tissue test specimens for the
present study were intentionally cut to be larger, with the SADP left intact over the entire surface
of the bone to be certain that all collagen fibers attached to the hoof part of the specimen were
also anchored to bone. This would assure that, if the predominant collagen fiber axis in the
SADP is truly vertical, the tests of the large SADP tissue test specimens would more accurately
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represent the strength of the collagenous attachment between hoof and bone than that of the
small SADP tissue test specimens. It would also be likely that the ultimate tensile strength
measured for the large SADP tissue test blocks would be significantly greater than that of the
small SADP tissue test blocks. However, if the predominant collagen fiber axis in the SADP
were random or predominantly oriented perpendicular to the dorsal cortex of the distal phalanx,
as the radial tension model would appropriately test, it would be unlikely that the ultimate tensile
strength of the large SADP tissue test blocks would be significantly different than those of the
small SADP tissue test blocks during radial tension tests.
In the present investigation, we found that the ultimate tensile strength, strain at
maximum load, resilience, and toughness values of the large SADP tissue block specimens were
all significantly greater than those of the small SADP tissue block specimens, respectively by
34%, 39%, 76%, and 82% (P < 0.0001). These findings are expected, given the previous
investigators’ observations of the predominantly vertical, or near vertical orientation of collagen
fibers in the SADP (Linford, 1987; Pellmann, 1995; Pollitt & Collins, 2016), and findings in the
present investigation that the mean collagen fiber axis relative to the bearing surface of the digit
(Fig 2.18, BsToCollAxisAng), across all dermal zones, was 91.2° ± 1.2°. The small SADP
tissue block configuration likely tested less than 30% of the vertically-oriented collagen fibers
attached to the hoof part of the tissue block (Fig. 2.6); thus, tests of the small SADP tissue blocks
significantly underestimated material properties reflecting the strength of the attachment between
the hoof and bone. Results of this investigation indicated that the ultimate tensile strength of the
SADP was significantly higher for the large SADP tissue blocks than for the small blocks, which
supports the previous investigators’ observations (Linford, 1987; Pellmann, 1995; Pollitt &
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Collins, 2016), and the findings of the present investigation, that the collagen fibers in the SADP
are predominantly oriented vertically.
No significant differences were found in modulus of elasticity between the large and
small SADP tissue blocks, respectively, 10.9 ± 1.7 versus 11.7 ± 1.7 MPa (P = 0.3984). This
indicates that the nearly 30% of vertically oriented collagen fibers that were present anchoring
hoof to bone in the small SADP tissue test blocks, had approximately the same stiffness as the
vertically oriented collagen fibers in the large SADP tissue test blocks.
The ultimate tensile strength, and modulus of elasticity values obtained in the present
study for both the large SADP tissue blocks, respectively, 4.13 ± 0.21 MPa and 10.9 ± 1.7 MPa,
and the small tissue blocks, respectively, 3.07 ± 0.21 MPa and 11.7 ± 1.7 MPa, were slightly
greater than those calculated for the data reported by Hallab et al. (1991) from specimens of 3
nonlaminitic digits of mature horses tested in radial tension, respectively 2.3 ± 0.3 MPa and 7.6 ±
0.9 MPa. Half of the tissue blocks tested by Hallab et al. (1991) had a smaller proximal-to-distal
length than the small SADP tissue blocks of this investigation, which may account for the lower
ultimate tensile strength of the specimens in the Hallab study. The small differences ultimate
tensile strength and modulus of elasticity may also be partially due to the higher displacement
rate for the specimens in the present study or other factors such as differences in the health of the
digits, or age or breed (Thomason et al. 2008) of the horses, or sampling location within the
hoof. Ultimate tensile strength and modulus of elasticity of the large and small SADP tissue test
blocks in this study were also slightly greater than those reported by Kochova et al. (2013) for
specimens from one hoof of an adult horse and 2 hooves of a foal tested in radial tension,
respectively, 1.67 MPa and 7.58 MPa for ultimate tensile strength and modulus of elasticity (no
SE was reported). Although Kochova et al. (2013) tested the hoof specimens at 8.33x10-3 m
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sec-1, (500 mm/min) a much higher displacement rate than that of the present study, the ultimate
tensile strength and modulus of elasticity values obtained in the present study were slightly
greater than those reported by Kochova. Again, the slight differences may have been related to
factors such as differences in size of the test block specimens, the health of the digits or age or
breed of the horses studied. In their study, Kochova et al. (2013) reported that the ultimate stress
and ultimate strain appeared to be higher for the specimens from the adult horse than for the
specimens from the foal.
The modulus of elasticity values for the SADP of the large and small SADP tissue test
blocks in the present study were respectively, approximately 60% and 64% of the value of 18.25
± 5.38 MPa observed by Douglas et al. (1998) who studied SADP specimens from 46 forefeet
from 24 mature horses in radial tension at a displacement rate of 8.33x10-3 m sec-1. It is thought
that the higher modulus of elasticity noted by Douglass reflects the higher displacement rate.
The specimens in the Douglas et al. (1998) study were not loaded to failure, so other material
properties of the SADP such as ultimate tensile strength, strain to maximum load, resilience, and
toughness were not available for comparison.
Using digital morphometric analysis software (Boudaoud et al. 2014) to quantitate the
collagen fiber axis in sagittal sections of the SADP in the present investigation, we found that the
mean collagen fiber axis relative to the bearing surface of the digit (Fig 2.18, BsToCollAxisAng)
across all dermal zones (Bi, Dd, Sd, and Pdl zones), was 91.2° ± 1.2° This is very similar to the
predominant collagen fiber axis observed in sagittal histologic sections by Linford (1987) and
Pellmann et al. (1996), and slightly over 20° more vertical than described by Pollitt and Collins
(2016). Pollitt and Collins noted that the collagen fibers of the SADP appeared to be oriented
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primarily longitudinally in transverse histologic sections that were cut in a plane inclined 70° to
the bearing surface of the digit (Fig. 2.5-c) and felt that was the predominant collagen fiber axis.
When the collagen fiber axis within specific dermal zones of the SADP was quantitated
in the current study, we found significant differences among the zones in mean collagen fiber
axis relative to the dorsal cortex of the distal phalanx (Fig. 2.18, DpToCollAxisAng), (P < 0.05,
Table 1), and the mean collagen fiber axis relative to the bearing surface of the digit (Fig 2.18,
BsToCollAxisAng), (P < 0.05, Table 1). The BsToCollAxisAng of collagen fibers in the bone
insertion zone was 81.5° ± 1.6°, significantly less than the BsToCollAxisAng of collagen fibers
in all other zones, which, in the other zones, ranged from approximately 90° to 97°. It is possible
that a more sloping fiber angle in the bone insertion zone reflects bone remodeling in response to
peak radial tensile stresses in the SADP. Peak radial tension stresses in the SADP are likely
greatest just prior to the break-over portion of the stride in a galloping horse when the deep
digital flexor tendon exerts maximal palmar traction on distal phalanx to propel the body forward
while the hoof is engaged with the ground. The collagen fiber axis in the bone insertion zone is
likely to be reasonably stable and only change slowly over time due to significant remodeling
stresses because the collagen fibers are trapped by mineralized tissue. We suspect that the
collagen fiber axis in the bone insertion zone would be unlikely to be altered by the minute-tominute weight-bearing status of the digit.
Interestingly, in the PDL zone, we observed a significant inverse relation between the
DpToCollAxisAng and the distal phalanx angle (P <0.05), in that in digits with a steeper distal
phalanx angle, the DpToCollAxisAng was more acute, thereby maintaining a nearly vertical
orientation of collagen fibers in the primary dermal lamellar zone. The BsToCollAxisAng of
collagen fibers in the primary dermal lamellar zone was 90.7° ± 1.2°, very close to vertical. This
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may possibly reflect the amount of time a horse spends simply standing, with the predominant
tensile force directed vertically downward as the SADP counteracts the forces of gravity and
suspends the distal phalanx, and through the distal phalanx, the entire weight of the horse. The
collagen fibers in the PDL zone are likely to be somewhat constrained by the architecture of the
PEL and SEL, and unlikely to change orientation significantly as the digit transitions from
bearing weight to becoming non-weightbearing. However, collagen fibers in the deep and
superficial dermal zones are more loosely arranged around vessels and nerves and are thought to
be more likely to slightly change orientation between the loaded and unloaded states than are the
collagen fibers in the bone insertion and PDL zones. The BsToCollAxisAng of collagen fibers
in the deep and superficial dermal zones was respectively, 95.3° ± 2.5°, and 97.2° ± 1.7°. We
suspect that the fiber axis in those zones is closer to vertical during normal weight-bearing than
was seen in the postmortem tissues. It has been noted that the distal phalanx-to-hoof distance
was significantly less in postmortem specimens than was observed in radiographs of the same
digits during weight-bearing (Linford, 1987). Also, during preliminary studies of limb loading in
fresh equine cadaver limbs that had half of the hoof circumference removed and a horseshoe
applied to the other half, it was noted that the distal phalanx moved distally and in a slightly
palmar direction, away from the dorsal hoof, when the limb was loaded, but moved back toward
the hoof when unloaded. It seems likely that the BsToCollAxisAng of collagen fibers in the
deep and superficial dermal zones is closer to 90° (vertical) when the limb is loaded, but
increases to 95° to 97° when the limb is unloaded or during formalin fixation post mortem as the
distal phalanx moves closer to the hoof.
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Tissue failure pattern
In the proximal part of both the large and small SADP tissue blocks, the SADP failed
along an exterioproximal to interiodistal line (Fig. 2.25), closely matching the overall
DpToCollAxisAng that was observed in the sagittal sections when the collagen fiber axis was
quantitated (Table 1). Failure along this line would primarily represent failure in the interfibrillar matrix or in fiber to matrix cross-links. During testing, after failure occurred in the
interfibrillar matrix, and as the hoof was displaced further from the distal phalanx, the vertically
oriented fibers in the SADP spanning hoof and bone became taut and began to fail. Failure in
the proximal aspect of both the large and small SADP tissue blocks occurred by separation of the
dermal from the epidermal lamellae. This could be predicted as the dermal epidermal junction is
thought to be a “weak link” and is commonly the location of SADP failure during laminitis
(Pollitt, 1996). Following failure in the small SADP tissue blocks, a large triangular block of
dermal tissue remained attached to the distal phalanx proximally (Fig. 2.25-B and C, ‡). This
failure pattern would be expected for tissues with vertically arranged collagen fibers, as fibers in
this area would only be attached to bone and not to hoof (Fig. 2.6) and would, therefore, stay
with the bone part of the test block following separation of the hoof and bone. Following failure,
a large corresponding triangular block of dermal tissue was also noted attached to the distal
aspect of the hoof part of the small SADP tissue block (Fig. 2.25-B, C, and D; *). This would
also expected when collagen fibers in the SADP are principally oriented vertically as seen in the
sagittal tissue sections in this investigation (overall BsToCollAxisAng across all dermal zones
was 91.2° ± 1.2°) because the majority of fibers in the distal hoof part of the test block would be
attached to the hoof and not to the bone (Fig. 2.6) and would, therefore, stay with the hoof
following separation of the hoof and bone.
76

For the large SADP tissue block, failure for the distal approximately 75% of the hoof part
of the block occurred within the collagen of the superficial and deep dermal zones or at the bonecollagen interface. This was somewhat unexpected as the failure site during laminitis is within
the epidermal lamellae or at the dermal epidermal junction (Linford, 1987; Pollitt, 1996) and not
within the collagen of the dermis. It is possible though, that during radial tension, the dermal
epidermal junction is reinforced by a lamellar trapping mechanism.
We can gain insight into the phenomenon of lamellar trapping by considering the
lamellar nature of the dermal epidermal interface. The interior aspect of a hoof has
approximately 600 primary epidermal lamellar sheets that each course the length of the hoof
from proximal to distal and project approximately 3 mm interiorly toward the distal phalanx
(Leach DH, 1982; Stump, 1967) like spokes of a wheel. The primary epidermal lamellar sheets
are keratinized like the hoof wall (Leach DH, 1982) and are anchored to it by keratin filaments
during the process of hoof wall formation. Projecting interiorly at a slightly oblique angle from
each primary epidermal lamella are another 150 to 200 secondary epidermal lamellar sheets
(Linford, 1987; Van Eps et al. 2010), each coursing along the length of the primary epidermal
lamella and extending approximately 100µm to 350µm into the dermis (Linford, 1987). The
secondary epidermal lamellae are covered on the interior surface by a living basal epidermal cell
layer to which the collagenous fibers of the secondary dermal lamellae are attached by a
basement membrane (Pollitt, 1994).
We speculate that during radial tension, or loading during the propulsion part of the
stride, the secondary epidermal lamellar sheets are pulled interiorly toward the primary
epidermal lamellae, collapsing together and effectively trapping the collagen fibers of the
secondary dermal lamellae (Fig. 2.26) with an effect similar to that of a Chinese finger trap. This
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effect converts tension to compression, and with greater tensile force, there is more compression
and trapping of the collagen fibers of the secondary dermal lamellae; thus, reducing the
likelihood of failure in the lamellar region, but increasing the likelihood of failure in the deeper
layers of the dermis or at the junction of the dermal collagen with the cortex of the distal
phalanx.

Figure 2.26

Lamellar trapping mechanism during radial tension.

Tissue failure sites within the sublamellar region of the dermis (*) or at the collagenous junction
with the distal phalanx (†). PEL-primary epidermal lamellae; SEL-secondary epidermal
lamellae; SDL-secondary dermal lamellae; CF-collagen fibers of the dermal lamellae and deep
dermis; DP-distal phalanx.
This mechanism would likely be most effective in reinforcing the dermal epidermal
junction where the lamellar sheets are intact in the central portion of the hoof block, and less
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effective near the proximal margin where the sheets are interrupted at the block margin. This
would account for separation that is seen at the dermal epidermal junction proximally but within
the dermis or at the bone-dermis junction distally.
Since there have been few equine studies that tested the tissues of the SADP to failure,
there is limited information to compare to that of the present study on how the tissue fails under
acute loads in a testing environment.
The failure mode for equine SADP specimens tested in radial tension in the present
investigation (Figs. 2.21 and 2.25) is very similar to two of the failure modes noted for bovine
SADP specimens tested in radial tension (Maierl et al. 2002), where failure occurred in the
deeper layers of the corium (sub-lamellar dermis) or at the attachment of the corium to the distal
phalanx. The failure pattern is also similar to that mentioned in an anecdotal note of unpublished
results for an in vitro radial tension test of an equine SADP block that failed at the junction of the
dermis and distal phalanx ( Thomason et al., 1992). No other details were mentioned in the
report.
The failure mode we observed was; however, different than that noted for radial tension
tests of equine SADP in 4 horses (Kochová et al. 2011; Kochová et al., 2013), where the rupture
line crossed the middle of the primary dermal and epidermal lamellae. The differences may have
been due, in part, to differences in test block size or configuration; however, this is not thought to
be entirely responsible, as specimen blocks in the bovine study (Maierl et al., 2002) and the
anecdotal equine block (Thomason et al., 1992) were similar to those of the Kochova studies, yet
failed like those of the present study. It seems more likely that differences in the loading rate of
the tests may have played a larger role, in that the loading rate for the Kochova studies was 8.33
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x 10-3 ms-1 versus significantly slower at 8.33 x 10-5 ms-1 for the present study and for the bovine
study at 5 x 10-5 ms-1.
The exterior parts of equine primary epidermal lamellae are fully keratinized, similar to
the hoof wall (Budras et al. 1989; Leach DH, 1982; Linford, 1987; Stump, 1967), whereas, the
interior parts are thinner and less well keratinized. It is likely that the exterior parts of the
primary epidermal lamellae are stiffer and more brittle than the interior parts and when loaded at
high velocities, they may be more susceptible to fracture where they begin to taper near the
midportion. When cracks initiate near the midportion of the primary epidermal lamellae during
high velocity loading, the cracks may also be more likely to propagate across the primary dermal
lamellae, rather than follow the dermo epidermal junction. Also, the location, degree, and rate of
engagement of the lamellar trapping mechanism may be altered by different loading velocities
and would likely have a significant effect on the location of failure.
The results of this investigation provided important new information on the mechanical
properties of the SADP, one of the most critical areas of the horses’ foot. The predominant
collagen fiber axis in the equine SADP was found to be very near vertical, and because of this,
the proximal-to-distal length of SADP tissue test blocks had a significant effect on determination
of the ultimate tensile strength and other material properties of the SADP when specimens were
tested in radial tension. Tissue blocks with a proximal-to-distal SADP length of ≤ 10 mm are
likely to underestimate the ultimate tensile strength by at least 25%. Because the predominant
collagen fiber axis was shown to be near vertical (overall BsToCollAxisAng across all dermal
zones were 91.2° ± 1.2°), and because it is a fundamental principle in materials testing to assess
tissue in alignment with the major collagen axis of a structure, it would seem prudent to perform
additional tests of the material properties of the SADP in vertical tension.
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CHAPTER III
EFFECT OF TENSILE LOAD ORIENTATION ON DETERMINATION OF THE MATERIAL
PROPERTIES OF THE SUSPENSORY APPARATUS OF THE DISTAL PHALANX AND
THE SITE OF TISSUE FAILURE
A secure attachment between the equine hoof and the distal phalanx is critical to the
health and soundness of the horse (Adams, 1974; Stump, 1967). The attachment mechanism
suspends the distal phalanx from the interior surface of the hoof wall and thereby supports the
entire weight of the horse (Pellmann, 1995; Pollitt & Collins, 2016). The attachment mechanism
is comprised of an intricate epidermal lamellar interface on the inner hoof surface, with an
underlying dermal collagenous connection to the dorsal cortical surface of the distal phalanx
(Linford, 1987; Pellmann, 1995; Pollitt, 2010; Stump, 1967). Collectively, the attachment
components have been labeled the suspensory apparatus of the distal phalanx (SADP). Failure
of the SADP allows the weight of the horse to force the distal phalanx distally or cause palmar
rotation of the distal phalanx (Pollitt & Collins, 2016). Either may result in solar penetration
which may cause lameness that during the year 2015 affected over 100,000 of the approximately
4 million horses in the United States (USDA NAHMS, 2017); thus investigations of the ultimate
tensile strength and other material properties of the SADP are warranted.
Previous investigations of the ultimate tensile strength of the SADP (Hallab et al. 1991;
Kochova et al. 2011; Kochová et al. 2013) have been performed according to the radial tension
model of weight bearing by distracting the hoof from the distal phalanx along an interior to
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exterior axis, perpendicular to the hoof surface, in alignment with what has been presumed to be
the predominant forces acting on the SADP. The radial tension model (Thomason et al. 1992;
Van Eps et al. 2010) summarized in Figure 3.1, maintains that the downward force of body
weight (W) is transmitted through the distal phalanx which is securely attached to, and
suspended from, the interior of the hoof. The downward force is counteracted by the ground
reaction force (G), which is resolved into components (g) along the load-bearing surface of the
hoof. The hoof wall is inclined relative to the direction of the ground reaction forces (g) which
are resolved into compressive forces (c) parallel to the wall and tensile forces (t) at the
attachment of the distal phalanx to the hoof. The tensile forces (t) in this model are thought to be
acting primarily in an exterior to interior direction as shown in Figure 3.1.
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Figure 3.1

Diagrammatic summary of the radial tension model

Summary of the radial tension model of hoof-loading forces in a weightbearing horse (shown in
sagittal section). W-weight of the horse acting through the distal phalanx; G-ground reaction
force counteracting W; g-components of G acting at the distal border of the hoof; forces (g)
resolved into compressive forces in the hoof (c) and tensile forces (t) at the attachment of the
distal phalanx to the hoof; D-tensile force acting via the deep digital flexor tendon. (Modified
after Thomason et al. 1992; Van Eps et al. 2010.)
Forces acting on the lamellar suspending apparatus may be more complicated than
depicted by the radial tension model in that the forces within the SADP appear to change
throughout the stride cycle as shown by force plate analysis of ground reaction forces of horses
at the walk and trot (Amitrano et al. 2016; Schamhardt & Merkens, 1994) and preliminary
investigations using high-speed video capture of stride simulations using a digit with the lateral
half of the hoof wall removed and stride simulations using a digit with the entire hoof capsule
removed and the distal phalanx suspended from within a clear acrylic hoof model.
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During preliminary investigations, stride simulations were conducted using healthy distal
limbs that were disarticulated at the middle carpal joint and had a tendon clamping traction
device attached at the joint surface that allowed the common digital extensor tendon and the deep
digital flexor tendon to be tensed at the appropriate times during the stride cycle (Figure 3.2). A
shod distal limb with the lateral half of the hoof capsule stripped away and another distal limb
with the entire hoof capsule stripped away and with the distal phalanx suspended within a clear
cast acrylic hoof model made from the original hoof template were used.

Figure 3.2

Distal limb stride simulation model

Distal limb stride simulation model with the distal phalanx (DP) suspended within a cast acrylic
hoof model (AHM) and a tendon clamping traction device (TCTD) fixed to the common digital
extensor tendon (CDE) and the deep digital flexor tendon (DDF) proximally.
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The limbs were moved through complete stride cycles while movement was recorded
with a high-speed video camera. Traction was placed on the common digital extensor tendon to
extend the toe as the limb was advanced prior to hoof contact, and the extensor tendon was
relaxed during the stance phase of the stride. Traction was placed on the deep digital flexor
tendon as the limb became weight-bearing and was maximized after mid-stance during the
period where force plate analysis reveals maximal propulsion in the horizontal ground reaction
force of healthy walking and trotting horses (Schamhardt & Merkens, 1994). A composite image
showing the limb position at various points during a simulated stride is shown in Figure 3.3.

Figure 3.3

Composite photographs of stride simulation

Composite photograph made from selected individual frames of a high-speed video recording of
the distal limb at various points in time during a stride simulation.
Force plate analysis shows that at the beginning of the stride cycle there is an initial
dampening of the forces of concussion as the hoof contacts the ground (Figure 3.4 – HC, hoof
contact) evidenced by a rapid fluctuation in the horizontal ground reaction force (Figure 3.4 - a
89

sharp negative spike followed by an irregular rapid climb toward positive then return to negative
horizontal ground reaction force, Fy). This is noted in the high-speed video of the stride
simulation models as a rapid oscillation of the distal phalanx within the hoof capsule at hoof
contact. Immediately after the concussion absorbing oscillation there is a pronounced braking
force (Figure 3.4 –negative horizontal force, Fy) when the forward progression of the hoof is
halted following ground contact as the limb becomes weight-bearing. This is noted during stride
simulations as a shift of the distal phalanx toward the dorsal wall shortly after hoof contact
(Figure 3.5) during the braking phase.
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Figure 3.4

Force-time diagram of stride cycle

Force-time diagram of typical longitudinal braking/propulsion (Fy) and vertical (Fz) ground
reaction forces during one stride cycle of a forelimb in a trotting horse. The outline of the weight
bearing distal forelimb at key times during the stance phase of the stride is illustrated relative to
the ground reaction forces at those times: hoof contact (HC), midstance (MS), heel off (HO), and
toe off (TO). After an initial concussion dampening oscillation immediately after hoof contact,
longitudinal forces (Fy) are negative as braking occurs prior to midstance. After midstance,
longitudinal forces become positive as the limb is pulled caudally to propel the body forward.
Vertical ground reaction forces (Fz) reach maximum at midstance and decline to zero as the toe
is lifted at the end of the stance phase. (Adapted from: Schamhardt & Merkens, 1994)
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Figure 3.5

Hoof model at braking phase

Video frame from a high-speed video recording of a stride simulation using an acrylic hoof
model, captured during the braking phase, shortly after hoof contact. Braking occurs as forward
progress of the hoof is impeded by contact with the ground. In the simulations during this
portion of the stride, the dorsal surface of the distal phalanx shifts forward within the stationary
hoof capsule, toward the dorsal surface of the hoof. Note the distances between the surface of
the distal phalanx and the dorsal wall and bearing surface of the acrylic hoof model during
braking, respectively 8.5 mm and 17.4 mm. Measurements were made from scaled images using
ImageJ software.
At midstance (Figure 3.4 – MS) the braking force (Fy) has dissipated and the vertical
force on the digit (Fz) is at maximum (Figure 3.4 – vertical force Fz peaks at midstance)
producing a downward shift of the distal phalanx during stride simulations (Figure 3.6).
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Figure 3.6

Hoof model at mid stance

Video frame from a high-speed video recording of a stride simulation using an acrylic hoof
model, captured at the midstance phase of the stride. At midstance the vertical force reaches
maximum producing a ventral shift of the distal phalanx away from the dorsal surface of the hoof
wall toward the bearing surface. Note the distances between the surface of the distal phalanx and
the dorsal wall and bearing surface of the acrylic hoof model at midstance, respectively 12.2 mm
and 16.1 mm. Measurements were made from scaled images using ImageJ software.
Following midstance, the horse propels the body forward by exerting traction on the
digital flexor tendons while the hoof is still in contact with the ground. This is evident as a
propulsive horizontal ground reaction force (Figure 3.4 – positive horizontal force, Fy) and is
manifested as a palmaroventral rotation of the dorsal surface of the distal phalanx away from the
dorsal hoof wall and lifting of the palmar processes of the distal phalanx (Figure 3.7) followed
by lifting the heels of the hoof (Figure 3.4 – HO, heel off) during the stride simulations.
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Figure 3.7

Hoof model at heel off

Video frame from a high-speed video recording of a stride simulation using an acrylic hoof
model, captured immediately prior to the heel off phase of the stride. Prior to heel off during the
stride simulations, the dorsal surface of the distal phalanx rotates palmaroventrally, away from
the dorsal surface of the hoof wall. Note the distances between the surface of the distal phalanx
and the dorsal wall and bearing surface of the acrylic hoof model immediately prior to the heel
off phase of the stride, respectively 19.1 mm and 12.2 mm. Measurements were made from
scaled images using ImageJ software.
Many conditions affect the integrity of the SADP such as disorders that interfere with
circulation, disorders that produce endotoxemia, and disorders that increase weight supported by
a limb because of non-weightbearing lameness in the opposite limb. Such problems often result
in failure of the SADP and crippling lameness. Painful conditions or fractures that make it
impossible for a horse to bear weight on one forelimb, require the opposite forelimb to carry
60% of body weight while standing, which often results in failure of the SADP in the supporting
limb (Engiles, 2010; Orsini, 2012). Some investigators indicate that failure of the SADP in such
cases may be related to alterations in digital blood flow that may occur when a single limb is
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loaded to greater than 30% of body weight (Engiles, 2010; Orsini, 2012) rather than a
mechanical overtaxing of the limits of the suspending mechanism; however, there have been few
investigations to determine what the limits of the suspending mechanism are, or in other words,
to determine the ultimate tensile strength of the SADP. Though investigators have studied the
elastic modulus of the hoof and hoof-distal phalanx junction, we could find only 3 studies that
assessed the ultimate tensile strength of the SADP (Hallab et al. 1991; Kochová et al. 2013;
Kochova et al. 2011) and these investigators studied a total of only 6 non-laminitic hooves from
mature horses, all using the radial tension model.
In the radial tension model, the tensile load is applied perpendicular to the dorsal surface
of the hoof and dorsal cortex of the distal phalanx (Figure 3.8).

Figure 3.8

Tensile load direction for radial tension

Tensile load direction for previous tests of the ultimate tensile strength of the SADP (Hallab et
al. 1991; Kovhova et al. 2011; Kochová et al., 2013). (Modified after Douglas et al. 1998).
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This testing configuration is appropriate if the in situ loading forces within the SADP are
considered to be directed as shown in the radial tension model which, based on force plate data
and stride simulations, appears to most closely mimic the situation in the foot during the
propulsion portion of the stride near heel off, (Figure 3.4 and Figure 3.7); however, mechanical
testing of the SADP in other configurations may be warranted to mimic the predominant forces
within the SADP during other conditions such as in the weightbearing forelimb of a standing
horse that cannot bear weight on the opposite forelimb or during the midstance phase of the
stride when the vertical ground reaction force is at maximum.
Even though the most appropriate testing configuration is not completely known, it is a
fundamental principle in materials testing to load the tissue in line with the major collagen axis
(Kim et al. 2014). The bony attachment site of the SADP connection between the distal phalanx
and hoof has been considered similar to that of ligament (Pellmann, 1995; Pollitt & Collins,
2016); and it has been shown that the results of tensile tests of ligaments are extremely sensitive
to orientation of specimens in the loading apparatus (Momersteeg et al. 1995; Woo et al. 1991).
This is because collagen molecules comprising the majority of a ligament are aligned in one
direction (longitudinally) and are crosslinked linearly along the longitudinal axis as they are
hierarchically organized into fibrils, fibers, and fascicles (Harvey, 2009; Oliver et al. 2016;
Wang, 2006); Figure 3.9.
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Figure 3.9

Hierarchical structure of ligaments and tendons

(modified from: Wang JH-C., 2006; Darlington, 2017)
Crosslinking along the long axis imparts a longitudinal strength that is orders of
magnitude greater than the strength transverse to the longitudinal axis because, perpendicular to
the fiber direction, only extrafibrillar matrix and possibly fiber and matrix crosslinks resist load
(Lynch, 2003). Similarly, in vivo, tendons are loaded along the longitudinal axis and collagen
fibers within the tendons are organized along the same axis; thus, tendons are loaded along the
predominant fiber direction (Lake et al. 2010). Fiber orientation at the tendon-bone interface was
also shown to be preserved along the direction of physiologic tension in porcine digital flexor
tendons. (Chandrasekaran et al. 2017). Additionally, histologic sections of skin show
considerable orientation of collagen fibers along the lines of principal tension (Ridge et al. 1966).
Because the predominant collagen fiber direction in the SADP was observed to be
oriented vertically, perpendicular to the bearing surface of the hoof in 2 studies examining
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histologic sections of the digit (Linford, 1987; Pellmann, 1995) and close to vertical in a 3rd
study (Pollitt & Collins, 2016) and because stride simulations show that the predominant tensile
forces within the SADP are likely to be directed vertically when the vertical ground reaction
force is maximum, such as during the midstance phase of a normal stride or in the weightbearing
forelimb of a standing horse that cannot bear weight on the opposite forelimb, it would seem
prudent to conduct additional tests of the ultimate tensile strength of the SADP using vertical
tension. Also, because the ultimate strength of the SADP has been tested in radial tension in
very few normal feet from adult horses, the objectives of this investigation were to determine the
ultimate tensile strength and other material properties of the SADP in both radial and vertical
tension for 17 pairs of healthy digits from 15 horses.
Materials and Methods
Hoof procurement and sample preparation
Thirty healthy hind digits and four front digits from 13 Quarter horse and Quarter horse
crosses, 1 Missouri Fox Trotter, and 1 American Paint horse ( 1 stallion, 5 geldings and 9 mares)
median age of 12 years (range, 3-22 years), weighing a median of 444 kg (range, 272-554 kg)
were included in the study. The horses were all being euthanized for other reasons and had no
evidence of foot problems based on clinical and radiographic evaluation of the digits. All
procedures were approved by and performed in accordance with Mississippi State University
Institutional Animal Care and Use Committee.
Prior to euthanasia the sole surface and frog sulci of the digits were cleaned and straight
lateromedial and 65° dorsoproximal-palmarodistal/plantarodistal radiographic views were
obtained for each digit using a Sound-Eklin™ digital radiography system with a MinRay™ Xray generator. Digital images were archived on a McKesson PACS™ archival system for
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review. Weight bearing lateromedial radiographic views of the digits were obtained with each
digit positioned on an 8 cm block, both bearing equal weight as each image was exposed. Care
was taken to ensure straight lateromedial projections without obliquity by aligning the
radiographic beam so that it passed perpendicular to a sagittal plane through the digit while
centered on the hoof capsule, 3 cm proximal to the bearing surface. For each lateromedial view,
the medial hoof wall was placed near the edge of the block and the imaging plate positioned in
the sagittal plane adjacent to the medial wall. For the 65° dorsoproximal-palmarodistal
/plantarodistal radiographic views, the horse stood on a cassette tunnel containing the imaging
plate. The focus-plate distance was 75 cm and exposure factors were 5 mAs at 85 kVp for the
lateromedial radiographs and 10 mAs at 70 kVp for the 65° dorsoproximalpalmaro/plantarodistal images.
Radiographic evaluation
Radiographs of each digit (hoof capsule and enclosed structures) were evaluated for bony
or soft tissue abnormalities, including subtle radiographic signs of laminitis (palmar/plantar
rotation > 2°, hoof wall undulations or curvature, palmar cortex resorption, distal dorsal cortical
bone deposition) (Linford et al. 1993). If abnormalities were identified, the horse was excluded
from the study. The hoof angle (HfAng) and distal phalanx angle (DpAng) were quantitated
from the lateromedial radiographs (Figure 3.10) using RadiAnt™ PACS-Dicom software and the
amount of palmar/plantar rotation of the distal phalanx was determined by: Palmar/plantar
rotation = DpAng - HfAng.

99

Figure 3.10

Lateromedial radiographic view of the digit of a horse.

MP-middle phalanx; DP-distal phalanx; EP-extensor process of the distal phalanx; NB-navicular
bone; HF-hoof wall. Points were identified on the dorsal cortex of the distal phalanx 2 mm distal
to the extensor process and 6 mm proximal to the tip. The distal phalanx angle (DpAng) was the
angle inscribed by the intersection of a line through the two points and a line along the bearing
surface of the digit. Two points were identified on the dorsal surface of the hoof wall adjacent to
those on the distal phalanx, and the hoof angle (HfAng) was the angle inscribed by the
intersection of a line through the two points on the hoof wall and a line along the bearing surface
of the digit.
Tissue processing
Immediately following humane euthanasia, the digits were obtained by disarticulation at
the metacarpo/metatarsophalangeal joint and processed to obtain samples of the hoof bone
junction for evaluating the ultimate tensile strength and other material properties of the SADP
when distracted in radial tension versus vertical tension. All materials testing was completed
within 8 hours of euthanasia. The objective was to obtain a large block of the central portion of
the dorsal cortex of the distal phalanx covered by an intact SADP with an attached 1 cm X 1 cm
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block of hoof wall centered on the midline and midway between the tip of the distal phalanx and
the base of the extensor process for the block from each digit of the available limb pairs from
each horse. The tissue block from one digit of each limb pair was tested in radial tension and the
tissue block from the other digit was tested in vertical tension by random assignment. To obtain
the tissue blocks for testing, a transverse band saw cut was made parallel to the coronary band,
removing the proximal and majority of the middle phalanges. Following that cut, a 30 mm-wide
midsagittal tissue section was obtained by making sagittal cuts through the hoof capsule and
distal phalanx 15 mm on each side of midline (Figure 3.11).

Figure 3.11

Hoof schematic of tissue processing cuts

A-Schematic of an equine digit showing the location of sagittal band saw cuts that were made to
produce the midsagittal section of hoof wall, SADP, and distal phalanx. B-Dorsal view
schematic of the distal digit showing the precise location of the sagittal band saw cuts (1 and 2),
15 mm to either side of the midsagittal plane through the digit (midline). The cuts were used to
produce a 30 mm-thick midsagittal slab of tissue.
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To obtain the tissue block used for mechanical testing from the 30 mm-thick sagittal
tissue slab, a band saw was used to trim the palmar portion of the distal phalanx away from the
dorsal cortex (Figure 3.12A, 1), leaving only the most dorsal 15 mm of dorsal cortex attached to
the hoof wall. Transverse cuts were then made at the base of the extensor process (Figure 3.12A,
2) and immediately distal to the tip of the distal phalanx (Figure 3.12A, 3), further isolating a
rectangular block of dorsal cortex and attached hoof. Transverse cuts were then made with the
band saw perpendicular to the surface of the hoof, almost completely through the hoof wall from
exterior to interior, centered 13 mm and 23 mm proximal to the tip of the distal phalanx (Figure
3.12B, 4 and 5). Following the transverse cuts, longitudinal cuts were made, also almost
completely through the hoof wall from exterior to interior, 10 mm from the medial and lateral
edges of the tissue slab (Figure 3.12B, 6 and 7). The cuts isolated a 10 mm X 10 mm square
piece of hoof, centered along the mid-dorsal aspect of the dorsal cortex of the attached portion of
the distal phalanx (Figure 3.12B, X).
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Figure 3.12

Hoof specimen with processing cuts

A- Illustration showing a 30 mm-thick sagittal tissue slab of hoof and distal phalanx with the
band saw cuts (1-3) that were used to isolate and remove a large block of hoof and dorsal cortex
of the distal phalanx. B-Transverse cuts (4 and 5) were made in the large tissue block almost
completely through the hoof wall from exterior to interior, extending to the junction of the
stratum medium and stratum internum. Following those cuts, similar longitudinal band saw cuts
(6 and 7) were also made almost completely through the hoof wall, extending to the junction of
the stratum medium and stratum internum, to isolate a central 10 mm X 10 mm portion of hoof
(X).
The hoof portion of the large tissue block was secured and a fine tooth saw was used to
make cuts parallel to the surface of the hoof, at the junction of the stratum internum and stratum
medium in order to remove excess hoof wall except the central 10 mm X 10 mm piece of hoof.
Care was taken to ensure that the remaining central hoof block was attached only to the
underlying SADP and not to surrounding parts of adjacent stratum medium by incising residual
stratum medium along the block margins down to the level of the stratum medium-SADP
junction using a #11 blade. After the excess hoof was removed, the SADP remained intact over
the entire dorsal cortex of bone in the 30 mm-thick slab, anchoring the protruding 10 mm X 10
mm square piece of hoof to the dorsal cortex, creating the large tissue block.
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Biomechanical testing:
Uniaxial tensile tests were performed using the Instron 1011 materials testing machine
with a 10 kN load cell. (Figure 3.13)

Figure 3.13

Materials testing setup

Materials testing setup for radial tension (A), and vertical tension (B).
The samples were clamped with grips on the central hoof block and bone surfaces.
Samples tested in radial tension were placed in the clamps with the dorsal surface of the distal
phalanx perpendicular to the direction of tension (Figure 3.13, A). The samples tested in vertical
tension were placed in the clamps with the dorsal surface of the distal phalanx corresponding to
the angle of the distal phalanx as measured on radiographs for that digit (Figure 3.13, B), such
that the direction of tension was perpendicular to the original bearing surface of the digit, i.e.
vertically, in alignment with gravitational forces. A protractor was placed behind the samples
with the base oriented perpendicular to the direction of tension (parallel to the in-vivo bearing
surface of the digit), with a line corresponding to the angle of the distal phalanx, measured
previously from radiographs of the digit, to use as a guide for aligning the sample in the testing
grips.
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Based on preliminary studies of radiographic assessment of distal phalanx displacement
as horses transitioned from bearing weight equally on both forelimbs to bearing weight on a
single forelimb, combined with force plate studies of the elapsed time between hoof contact and
maximal vertical force in walking horses (Schamhardt & Merkens, 1994) a crosshead
displacement rate of 8.33x10-5 m sec-1 (5 mm/min) was chosen to approximate the estimated
rate of strain within the SADP on impact by a horse moving at the walk or shifting weight from
limb to limb while standing. Samples were tested to failure in order to determine the ultimate
tensile strength and other material properties of the SADP. Load and displacement data were
obtained directly from the Instron materials testing machine by a computer acquisition system at
10 hz. A force displacement curve was created using the data from each uniaxial tensile test.
The force displacement data was normalized into stress by dividing force by the cross sectional
area of the SADP in a plane perpendicular to the direction of tension (𝜎 = 𝐹/𝐴) and strain by
dividing the change in specimen length by the original length in the direction of tension (𝜖 =
∆𝑙 ⁄ 𝑙) measured from hoof to bone using micrometer calipers. The mechanical property data
derived from the stress-strain graphs included ultimate tensile strength, strain to maximum load,
elastic modulus, resilience, and toughness. (Figure 3.14)
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Figure 3.14

Mechanical properties data

Mechanical properties derived from the stress-strain curve. The displayed curve represents the
average of the individual stress-strain curves obtained from multiple tissue blocks tested in radial
tension. A- Ultimate tensile strength, B- elastic modulus or stiffness (slope of the steep straightline portion of the curve), C- strain to maximum load. The area under elastic portion of the
stress/strain curve to the materials yield point (lined area) is a measure the modulus of resilience.
It represents the amount of strain energy per unit volume the tissue can absorb without
permanent deformation. The blue shade area represents toughness, which is the total amount of
strain energy per unit volume the tissue can absorb prior to completely failing.
Gross and histological analysis of the tissue specimens after testing:
After mechanical testing, the hoof and bone parts of the test specimens were
photographed and a digital photo of the site of failure on the interior hoof surface of each
specimen was ported into ImageJ, a public domain image analysis program. The ImageJ
software was used to determine the proportion of the specimen surface with dermal tissue still
attached to the epidermal lamellae following failure (Figure 3.15).
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Figure 3.15

Failure site on interior hoof

Photograph of the site of failure on the interior surface of the hoof part of a test specimen. The
cross-sectional area of the portion of the planar surface covered by adherent dermal tissue (crosshatched area, A) was quantitated and divided by the cross-sectional area of the entire interior
planar surface of the hoof specimen (area bounded by the solid line, B) to determine the
proportion of the specimen surface with dermal tissue still attached.
After mechanical testing was completed and photographs of the samples had been
obtained, the transverse and longitudinal dimensions of each specimen were measured with
micrometer calipers, and it was then placed in 10% neutral buffered formalin for fixation prior to
histological processing. Following fixation for at least 7 days, the bone side of each specimen
was placed in Kristensen’s decalcifying solution for approximately 3 weeks before further
processing. Transverse samples 2 mm thick were cut near the midpoint of each sample,
approximately 5 mm from the proximal border of each bone and hoof test specimen. Specimens
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were routinely processed and embedded in paraffin, sectioned at 5 µm, mounted on glass slides,
stained with hematoxylin and eosin and digitally scanned with a Scan Scope CS slide scanner
(Aperio Technologies, Inc.). Scanned slide images were opened with IrfanView imaging
software, saved as jpeg files, inspected visually, and then ported to ImageJ (Rasband, n.d.), to
quantify the morphometery of dermal and epidermal lamellar structures from the bone and hoof
portions of each test specimen.
Visual inspection of the digital images of the histological tissues was done to determine
the principal location of tissue failure, and morphometric measurements of the structures at the
failure site were quantitated for both the hoof and bone parts of each test specimen to further
assess how the tissues failed. The hoof portion of a typical radial tension test specimen and the
morphometric assessments that were made from histologic sections taken from the specimen are
illustrated in Figure 3.16.
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Figure 3.16

Radial tension failure site

A-transverse histologic section of the interior hoof, lamellae, and corium at the failure site on the
hoof portion of a radial tension test specimen. Images B to D illustrate where the section was
obtained. B-test block shown in context within the 30 mm-thick midsagittal slab of hoof and
distal phalanx tissue. C-radial tension test block following failure with the hoof part of the failed
specimen (1) lying on the surface of the remaining bone and SADP part of the block (2). D-hoof
part of the failed test specimen with the location of the transverse histologic section obtained
from the specimen outlined. E-distal surface of the hoof portion of the failed test specimen
showing the gross appearance of the lamellae (3) and attached corium (4) following failure.
Measurements made from the histologic section (A) included the length of each complete
(nonfractured) primary epidermal lamellae (CPel length) and the length of any fractured primary
epidermal lamellae (FxPel; none present in this section). The length of the primary dermal
lamellae (Pdl length) was also assessed.
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The SADP/bone portion of a typical vertical tension test specimen and the morphometric
assessments that were made from histologic sections taken from the specimen are illustrated in
Figure 3.17.
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Figure 3.17

Vertical tension failure site

A-transverse histologic section of the lamellar region, corium, and dorsal cortex of the distal
phalanx at the failure site of a vertical tension test specimen. Images B and C illustrate where
the section was obtained. B-test block shown in context within the 30 mm-thick midsagittal slab
of hoof and distal phalanx tissue. C-vertical tension test block following failure with the hoof
part of the failed specimen (D) lying on the surface of the remaining bone and SADP part of the
block (E). The rectangular area outlined with solid and dashed lines on the bone and SADP part
of the failed test specimen (E) represents the location of the transverse histologic section
obtained from the specimen. Measurements made from the histologic section (A) included the
length of each complete (nonfractured) primary epidermal lamella in the reference areas adjacent
to the failure site (RCPel length) and the length of each complete primary dermal lamella in the
reference areas (RCPdl length). Within the failure region, measurements also included the
length of each primary dermal lamella (Pdl length) and the length of each fractured primary
epidermal lamella (FxPel length). The proportion of primary epidermal lamellar sites containing
fractured primary epidermal lamellar tips and the proportion of primary epidermal lamellar sites
that were empty, because the primary epidermal lamellae had been completely pulled away
during the test (*, EPel site) were also quantitated for each section.
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Because the entire test specimen was approximately 3 times wider than the central hoof
block that was gripped in the testing apparatus, after the hoof part of the test specimen was
pulled away during testing, an area of intact SADP remained on the medial and lateral sides of
the bone part of the specimen, adjacent to the failure site. Transverse histologic sections
assessing the failure site in the bone part of each specimen were cut to obtain 2 to 3 mm of intact
SADP adjacent to either side of the failure site (Fig. 3.17-A). Within the areas of intact SADP,
the primary dermal and epidermal lamellae were undisturbed by the test and the mean length of
each was quantitated to serve as a reference for the length of intact lamellae (Fig. 3.17-A: RCPel
length and RCPdl length).
Items assessed from the histologic sections of the bony and hoof portions of each
specimen at the failure site included the mean length, and percentage of primary epidermal
lamellae that remained completely intact, without fracture in the test area following tissue failure
(Fig. 3.16 – CPel), as well as the mean length, and percentage of primary epidermal lamellae that
were fractured (Fig. 3.17- FxPel). Also, the percentage of primary dermal lamellar sites with
some portion of a primary dermal lamellae remaining after testing were quantitated in both the
hoof and bone parts of each specimen. Additionally, the mean length of the primary dermal
lamellae at the failure site was quantitated for each hoof (Fig 3.16. – Pdl length) and bone (Fig
3.17. – Pdl length) specimen. The mean lengths of the primary epidermal lamellae (complete
and fractured) and primary dermal lamellae in the failure site were also expressed as a proportion
of the reference lamellar lengths. At the site of tissue failure, the proportion of the transverse
width of the failure location that occurred within the lamellar region, versus within the dermis
deep to the lamellar region, was quantitated. When primary dermal lamellae remained attached
to the corium overlying the bony parts of the test specimens following testing, the number and
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proportion of primary epidermal lamellae that were pulled completely away from the dermal
lamellae, leaving empty sites (Fig 3.17. – *, EPel site) were quantitated.
Statistical analysis
Materials testing
The effect of Tensile Load Orientation (TLO, radial tension or vertical tension) and Limb
(front or hind) on variables measuring the material properties of the SADP obtained from the
biomechanical test results was assessed by mixed model multiple variable linear regression using
PROC MIXED in SAS for Windows 9.4 (SAS Institute, Inc., Cary, NC). Separate models were
created for the ultimate tensile strength, modulus of elasticity, strain to maximum load, strain
energy, and toughness outcomes. Initially, the main effects of TLO and Limb, as well as the
interaction TLO*Limb were included as fixed effects. Horse identity was included as a random
effect in all models. For all models, the interaction term was removed if nonsignificant. Main
effects were left in the model regardless of significance.
The distribution of the conditional residuals was evaluated for each outcome to ensure the
assumptions of the statistical method had been met for that model. An alpha level of 0.05 was
used to determine statistical significance.
Photographic and histologic assessment of failure location tissue morphometry
The effect of Tensile Load Orientation (TLO, radial tension or vertical tension) and Limb
(front or hind) on variables assessing the tissue failure site that were obtained from histologic
sections and photographs of the hoof and bony parts of the post-failure test specimens was
assessed by mixed model multiple variable linear regression using PROC MIXED in SAS for
Windows 9.4 (SAS Institute, Inc., Cary, NC). Separate models were created for each of the
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tissue morphometry assessments, including the proportion of post-failure hoof specimen lamellar
surface with dermis attached, and within the reference areas of the bone parts of the test
specimens, the mean length of the primary epidermal lamellae (RefPelLength) and primary
dermal lamellae (RefPdlLength). Additional assessments were made from histologic sections
within the failure site of the hoof and bone parts of the post-test specimens, including: the
proportion of primary epidermal lamellae that were complete and not fractured (PrctPelCPel),
the mean length of the intact primary epidermal lamellae (CPelLen), the mean length of the
intact primary epidermal lamellae expressed as a proportion of the reference primary epidermal
lamellar length (CPelLenPrctRef), the proportion of primary epidermal lamellae that were
fractured (PrctPelSitesWFxPel), the mean length of the fractured primary epidermal lamellae
(FxPelLen), the mean length of the fractured primary epidermal lamellae as a proportion of the
reference primary epidermal lamellar length (FxPeLenPrctRef), the proportion of primary dermal
lamellar sites with some part of a primary dermal lamella present (PrctPdlSitesWPdl), the mean
length of the primary dermal lamellae that were present (PresPdlLen), the mean length of the
present primary dermal lamellae as a proportion of reference primary dermal lamellar length
(PresPdlLenPrctRef), and the proportion of the total transverse width of the failure location that
occurred within dermis deep to the lamellar region (PrctFailSiteInDDerm). Also quantitated was
the percentage of primary epidermal lamellae that were completely torn away from the dermal
lamellae of the bone part of the test specimen (PrctPelCompRemvd) in contrast to those primary
epidermal lamellae where the interior tips fractured and remained with the dermal lamellae and
deep dermis attached to the bone. Initially, the main effects of TLO and Limb, as well as the
interaction TLO*Limb were included as fixed effects. Horse identity was included as a random
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effect in all models. For all models, the interaction term was removed if nonsignificant. Main
effects were left in the model regardless of significance.
The distribution of the conditional residuals was evaluated for each outcome to ensure the
assumptions of the statistical method had been met for that model. An alpha level of 0.05 was
used to determine statistical significance.
Results
The elastic modulus of the SADP was significantly greater for specimens tested in
vertical tension, 26.87 ± 1.88 MPa (mean ± SE), than for those tested in radial tension, 13.51 ±
1.88 MPa (P = 0.0001; Figure 3.18). Additionally, the ultimate tensile strength of the samples
tested in vertical tension was significantly greater than that for the samples tested in radial
tension, respectively, 5.58 ± 0.35 MPa versus 4.37 ± 0.35 MPa (P = 0.0022).
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Figure 3.18

Typical vertical and radial stress strain graphs

Typical stress strain graphs of SADP specimens tested in radial (A) and vertical (B) tension. The
displayed curve (A) represents the average of the individual stress-strain curves obtained from 17
tissue blocks tested in radial tension and the displayed curve (B) represents the average of the
individual stress-strain curves obtained from 17 tissue blocks tested in vertical tension. A-radial
tension: a-slope of linear portion of curve = stiffness, 13.15 MPa; b-strain to maximum load,
0.49; c-ultimate tensile strength, 4.37 MPa; d-resilience (lined area), the strain energy per unit
volume the tissue can absorb without permanent deformation, 0.57 MJ m-3; e-toughness (blue
shaded area), the strain energy per unit volume the tissue can absorb prior to complete failure,
2.18 MJ m-3; B-vertical tension: f-slope of linear portion of curve = stiffness, 26.87 MPa; gstrain to maximum load, 0.35; h-ultimate tensile strength, 5.58 MPa; i-resilience (lined area), the
strain energy per unit volume the tissue can absorb without permanent deformation, 0.39 MJ m-3;
j-toughness (blue shaded area), the strain energy per unit volume the tissue can absorb prior to
complete failure, 1.99 MJ m-3.
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The strain at maximum load was significantly greater for specimens tested in radial
tension, 0.49 ± 0.03, as opposed to that for vertical tension, 0.35 ± 0.03 (P = 0.0003) and the
resilience of the SADP for specimens tested in radial tension was also significantly greater than
that for specimens tested in vertical tension, respectively, 0.57 ± 0.05 MJ m-3 versus 0.39 ± 0.05
MJ m-3 (P ˂ 0.0001).
No significant difference in toughness was noted between the specimens tested in radial
tension, 2.18 ± 0.16 MJ m-3, versus those tested in vertical tension, 1.99 ± 0.16 MJ m-3 (P =
0.2693).
After testing it was observed that the direction of tension influenced how the tissue failed.
Tissue failure during radial tension predominantly occurred within the collagen fibers of the deep
dermis, deep to the lamellar region in the area of the corium, or, in parts of some specimens,
dermal collagen appeared to be torn free from the surface of the distal phalanx. In either case,
failure occurred deep to the lamellar region, leaving significant dermal tissue attached to the
epidermal lamellae of the radial tension test specimens (Figure 3.19). By contrast, failure for the
vertical tension test specimens predominantly occurred at the dermo-epidermal interface, leaving
almost no dermal tissue visible on epidermal lamellar surface of the majority of the test
specimens; all that was noted on visual inspection was the bare epidermal lamellar surface
(Figure 3.20). Samples tested in radial tension contained significantly more dermis on the hoof
parts of the test specimens than those tested in vertical tension, respectively 76 ± 0.063% versus
12 ± 0.063% (P ˂ 0.0001).
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Figure 3.19

Typical radial tension failure site

Series of photographs depicting the failure site of a typical radial tension test specimen. A –
Bone part of the large tissue block covered by the SADP. The depressed square region in the
center represents the area where the central hoof block part of the specimen pulled away during
the test, the failure site. B – Enlarged view of the failure site on the surface of the distal phalanx.
The specimen failure occurred predominantly in the dermis deep to the lamellar region (*),
leaving a scant layer of granular-appearing disrupted collagen on the bone surface. In the most
proximal part of the failure region, failure occurred in the lamellar region, with parts of the
dermal lamellae visible (†). C – Lateral view of the hoof portion of the specimen that was pulled
away from the SADP during testing. Notice that the lamellae of the distal part of the block are
covered by granular-appearing collagen fibers of the deep dermis, which extend distally (‡) past
the distal end of the hoof block; whereas, the epidermal lamellae in the most proximal portion of
the hoof specimen are visible (§), not covered by dermal collagen. D – Hoof part of the test
specimen viewed from a palmarolateral perspective. E – Palmar view of the hoof part of the
failed test specimen. Notice that the failure location was primarily in the deep dermis, leaving
the majority of the epidermal lamellae covered by dermis (ǁ), with only the very most proximal
part of the specimen failing in the lamellar region leaving the most proximal epidermal lamellae
visible (#) on the hoof part of the specimen and the dermal lamellae visible on the bone part of
the specimen (†) proximally.
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Figure 3.20

Photographic series of failure site in vertical tension

Series of photographs depicting the failure site of a typical vertical tension test specimen. A –
Bone part of the large tissue block covered by the SADP with the hoof part of the specimen
resting on the surface following the test. The depressed square region in the center represents the
area where the central hoof block part of the specimen pulled away during the test, the failure
site. B – Enlarged view of the failure site on the surface of the distal phalanx. The specimen
failed predominantly in the lamellar region, with the dermal lamellae visible on the surface of the
distal phalanx following the test. C – View of the distal end of the hoof portion of the specimen
that was pulled away from the SADP during testing. Notice that the epidermal lamellae of the
distal part of the block have no visible dermal lamellae attached. D – Hoof part of the test
specimen viewed from a palmarodistal perspective. Bare primary epidermal lamellae are clearly
visible, with no attached dermal tissue. E – Palmar view of the hoof part of the failed test
specimen. Notice the obvious primary epidermal lamellae with no visible dermal lamellae
attached.
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Visual inspection of histological sections of the bone and hoof parts of the vertical and
radial tension test specimens confirmed that specimen failure for the radial tension specimens
occurred predominantly in the deep dermis, within the collagen between the lamellae and the
distal phalanx and to a lesser extent, by disruption of the collagenous interface with the cortical
surface of the distal phalanx; whereas, specimen failure for the vertical tension test specimens
occurred predominantly within the lamellar region. Typical histologic sections of the bone and
hoof parts of both the radial and vertical tension test specimens illustrate the failure location and
are shown in Figure 3.21.
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Figure 3.21

Histologic sections of radial and vertical tension test specimens

Images of the hoof and bone parts of histological sections from radial tension (A) and vertical
tension (B) test specimens demonstrating the typical failure location for each specimen. Radial
tension test specimens predominantly failed in the dermis deep to the lamellar region with the
secondary dermal to secondary epidermal lamellar junction remaining largely intact and
undisturbed. The rectangular region outlined by a solid line (_____) demonstrates the typical
appearance of secondary dermal and epidermal lamellae in the radial tension test specimens and
is shown at higher magnification in Figure 3.22. The vertical tension test specimens; however,
failed predominantly in the lamellar region (▼▼▼▼), with the primary dermal lamellae (PDL)
remaining attached to the distal phalanx and the primary epidermal lamellae (PEL) remaining
attached to the hoof. The tissue failure primarily occurred at the junction of the secondary
dermal and secondary epidermal lamellae. The rectangular region outlined by a dashed line (- - - -) demonstrates the typical appearance of a primary dermal lamella with attached secondary
dermal lamellae that were torn from the secondary epidermal lamellae during testing in the
vertical tension test specimen. The area is shown at higher magnification in Figure 3.23. The
rectangular region outlined by a dotted line (……) demonstrates the typical appearance of primary
epidermal lamellae with attached secondary epidermal lamellae that remained intact and attached
to the hoof when the secondary dermal lamellae were torn away during testing in the vertical
tension test specimens. The area is shown at higher magnification in Figure 3.24. During
vertical tension testing, the interior tips of many primary epidermal lamellae, with their
associated secondary epidermal lamellae, fractured away from the epidermis (FxPEL) and
remained with the dermal lamellae. The rectangular region outlined by plus symbols (++++)
demonstrates the typical appearance of a fractured interior tip of a primary epidermal lamella
with the attached secondary epidermal lamellae. The area is shown at higher magnification in
Figure 3.25.
121

Figure 3.22

Higher magnification of outlined lamellae in figure 3.21-A

Higher magnification of the rectangular area enclosed by the solid line (____) from the histologic
section of the radial test specimen in Figure 3.21-A. Notice the secondary dermal lamellae
(SDL) and secondary epidermal lamellae (SEL) are in intimate association, intact and
undisturbed by the test. PEL-primary epidermal lamella; PDL-primary dermal lamella.
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Figure 3.23

Higher magnification of outlined PDL in figure 3.21-B

Higher magnification of the rectangular area enclosed by the dashed line (-----) from the
histologic section of the vertical tension test specimen in Figure 3.21-B. Notice the secondary
dermal lamellae (SDL) remain connected to the primary dermal lamella (PDL) and were torn
free from the secondary epidermal lamellae as the primary dermal lamella displaced with the
distal phalanx during the test.
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Figure 3.24

Higher magnification of outlined lamellae in figure 3.21-B

Higher magnification of the rectangular area enclosed by the dotted line (…..) from the histologic
section of the vertical tension test specimen in Figure 3.21-B. Notice the secondary epidermal
lamellae (SEL) are intact and attached to the primary epidermal lamellae (PEL). Primary and
secondary dermal lamellae are not present in the section with the exception of an occasional
secondary dermal lamella (SDL) observed in the normal location between, and attached to, the
adjacent secondary epidermal lamellae (SEL), but torn free from its primary dermal lamella. The
majority of secondary dermal lamellae, following testing, were torn free from the secondary
epidermal lamellae. The secondary dermal lamellae remained connected to primary dermal
lamellae which remained connected to the distal phalanx and displaced with it during testing.
Thus, the secondary dermal lamellae pulled free from the epidermal lamellae during testing,
leaving gaps between adjacent intact secondary epidermal lamellae (#), or leaving basal cells of
one secondary epidermal lamella in contact with basal cells of the adjacent secondary epidermal
lamella (**).
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Figure 3.25

Higher magnification of fractured PEL in figure 3.21-B

Higher magnification of the rectangular area outlined by plus symbols (++++) from the
histologic section of the vertical tension test specimen in Figure 3.21-B. During vertical tension
testing, the interior tips of many primary epidermal lamellae fractured from their lengthier
primary epidermal lamellar bases. The fractured primary epidermal lamellar tips (FxPEL), with
their associated secondary epidermal lamellae (SEL) stayed anchored to the dermal lamellae
which remained attached to the distal phalanx when the tissue failed. PDL-primary dermal
lamella; SDL-secondary dermal lamella.
Although the secondary dermal to secondary epidermal lamellar junction of the vast
majority of lamellae was intact and undisturbed by radial tension testing, histologic sections of
the hoof parts of the radial tension test specimens revealed a few areas of slight disruption of the
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secondary dermal to secondary epidermal lamellar junction and partial displacement of 3 to 4
primary dermal lamellae in sections for 2 digits. Likewise, the histologic sections of the bone
part of one radial tension test specimen showed the typical failure location within the deep
dermis in 75% of the section but showed failure within the lamellar region for the remaining
25% of the section. Five primary dermal lamellae and their associated secondary dermal
lamellae pulled free from the epidermal lamellae and remained attached to the distal phalanx, as
was typical for the vertical tension test sections. Histologic sections of the bone part of 4 other
radial tension test specimens showed a failure pattern similar to that for the vertical tension tests;
however, histologic sections from the hoof parts of those specimens showed a typical failure
pattern in the deep dermis, similar to all of the other radial tension test hoof specimens.
Histologic sections from 2 vertical tension hoof specimens showed typical failure at the
secondary dermal to secondary epidermal junction through the majority of the specimen, but
dermo-epidermal junction remained intact for secondary lamellae of 30% to 50% of the exterior
portion of the primary dermal lamellae which fractured and remained with the hoof portion of
the specimens. This failure mode was different from that for the other vertical tension test
specimens where most of the dermal lamellae pulled free of the epidermis and remained attached
to the bone portion of the specimen.
Morphometric measurements were made from the histologic sections to more fully
characterize the failure pattern evident in the bone and hoof parts of the radial tension and
vertical tension test specimens and statistically compare how the structures at the failure site of
specimens tested in vertical tension differed from those tested in radial tension. The tissue
measurements are reported in Table 3.2 and further define the morphology of the structures
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within the failure site and elucidate the differences in failure mode between the radial and
vertical tension tests.
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Table 3.1

Tissue measurements made from histologic sections

Mean and SE Values for Tissue Measurements Made from Histologic Sections Taken at the Specimen
Failure Site for the Bone and Hoof Parts of the Radial and Vertical Tension Test specimens.
Morphometric
Assessment
RefPelLength (µ)
RefPdlLength (µ)
PrctPelCPel (%)
CPelLen (µ)
CPelLenPrctRef (%)
PrctPelSitesWFxPel
(%)
FxPelLen (µ)
FxPelLenPrctRef (%)
PrctPdlSitesWPdl (%)
PresPdlLen (µ)
PresPdlLenPrctRef
PrctFailSiteInDDerm
PrctPelCompRemvd
(%)

TLO

Hoof Part of Test Specimen

Bone Part of Test Specimen

Mean

Mean

SE

2838
2809
2620
2598
0†
0†
†
†
†
†
39
65

168
168
135
135

577
648
22
20
31
100
1182
1937
48
69
69
<1
84
35

209
140
3
3
12
11
229
158
7
5
12
11
10
10

RT
VT
RT
VT
RT
VT
RT
VT
RT
VT
RT
VT

*
*
*
*
95
40
2837
2476
97
89
5
60

RT
VT
RT
VT
RT
VT
RT
VT
RT
VT
RT
VT
RT
VT

2989
2243
96
80
98
38
2593
975
98
41
97
<1
0§
0§

SE

5
6
180
186
3
4
5
6
305
109
9
4
7
8
219
253
10
12
2
2

P-value

0.0002
0.0416
0.1688
0.0002
‡
‡
0.0004
0.0080
0.0303
<0.0001

13
10

P-value
0.7243
0.7618

0.2454
0.7850
0.5367
0.0079
0.1760
0.2290
0.0079
0.0186

RT = Radial tension. VT = Vertical tension. TLO = Tensile load orientation. PEL = Primary epidermal lamella(e). PDL =
Primary dermal lamella(e). SADP = Suspensory apparatus of the distal phanx.*For each test block, reference lamellae for both
the hoof and bone parts were in the bone part of the block within the SADP in an area unaffected by the tensile test, adjacent to
the failure site.† No completely intact PEL were present in the bone parts of either the radial or vertical tension test specimens.‡
Fractured PEL were identified in only one radial tension hoof test sample, whereas fractured PEL were identified in all vertical
tension hoof specimens, so statistical tests of the effect of TLO on length of fractured PEL were not done for the hoof parts. § No
PEL were completely torn from the hoof parts of either the radial or vertical tension test specimens during testing. CPelLen =
Length of complete, nonfractured PEL. CPelLenPrctRef = Length of complete PEL expressed as a percentage of reference PEL
length. FxPelLen = Length of fractured PEL. FxPelLenPrctRef = Length of fractured PEL expressed as a percentage of
reference PEL length. PrctFailSiteInDDerm = Percentage of the transverse width of the specimen failure site that occurred in the
dermal tissue deep to the lamellae. PrctPdlSitesWPdl = Percentage of PDL locations that contained at least some part of a PDL.
PrctPelCompRemvd = Percentage of PEL that were completely torn away from the dermal lamellae of the bone part of the test
specimen. PrctPelCPel = Percentage of PEL that were complete, not fractured. PrctPelSitesWFxPel = Percentage of PEL sites
that contained PEL that were fractured. PresPdlLen = Length of PDL that were present. PresPdlLenPrctRef = Length of PDL
present in the failure site expressed as a percentage of reference PDL length. RefPdlLength = Length of reference PDL.
RefPelLength = Length of reference PEL. RT = Radial tension. TLO = Tensile load orientation. VT = Vertical tension
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From Table 3.2, it can be seen that for the specimens tested in vertical tension, less than
1% of the transverse width of the failure site occurred in the deep dermis; thus, over 99% of the
transverse width of the failure site occurred in the lamellar region in histological sections of the
bone and the hoof parts. While less than 1% of the failure region of specimens tested in vertical
tension was in the deep dermis, most of the failure occurred in the lamellar region. In contrast,
for the specimens tested in radial tension, 97% of the failure region was in the deep dermis in
histological sections of the hoof parts and 69% of the failure region occurred in the deep dermis
in histologic sections of the bone parts of the radial tension specimens. The location of the
failure region was highly significantly different for the horizontal versus vertical tension tests of
the hoof and bone specimens, respectively, (P < 0.0001, and P = 0.0079).
For the specimens tested in vertical tension, the failure location within the lamellar region
occurred primarily between the dermal and epidermal lamellae, with the secondary dermal
lamellae separating from the secondary epidermal lamellae along most of the failure site (see
Figs. 3.21-B, 3.23, and 3.24). However, the interior most 20% of the tips of most of the primary
epidermal lamellae fractured and remained with the dermal lamellae anchored to the distal
phalanx (see Fig. 3.25). For the vertical tension test specimens, the interior tips of 60% of the
PEL in sections of the hoof parts and 65% of the PEL in sections of the bone parts were judged
to have fractured and remained with the dermis. Since the mean length of the fractured portion
of the PEL was 20% of the length of the reference PEL in both the bone and hoof parts of the
specimens, approximately 12% to 13% (20% * 60% to 20%*65%) of the overall primary
epidermal lamellar tissue, with associated secondary epidermal lamellae, fractured free from the
exterior primary epidermal lamellar bases and remained with the dermal lamellae.
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For the specimens tested in radial tension, the majority of the failure location was in the
collagen of the dermis, interior to the tips of the primary epidermal lamellae, with only 5% of the
tips of the PEL identified as fractured in histologic sections from the hoof parts of the specimens.
Discussion
The objectives of this investigation were to determine the ultimate tensile strength and
other material properties of the SADP as well as the site of tissue failure when tested in both
radial and vertical tension for healthy equine digits.
Configuration of the test specimens was slightly different for the present study than that
of the 3 previous studies of ultimate tensile strength (Hallab et al. 1991, Kochova et al. 2011,
Kochová et al., 2013), in that previous studies used rectangular test blocks that spanned hoof and
bone with transverse and proximodistal dimensions that were between 5 and 10 mm each, (Fig.
3.8).
The size of the hoof portion of the tissue block for the present study was like that of the
larger specimens used for the previous studies of ultimate tensile strength. But, since other
investigators (Linford, 1987; Pellmann, 1995;. Pollitt & Collins, 2016), have indicated that the
collagen fibers in the SADP are primarily oriented vertically, it was decided that, considering the
mean distance from interior hoof to dorsal cortex of the distal phalanx is approximately 6 mm
(Linford, 1987; Linford et al., 1993), and the mean distal phalanx angle for horses of the study
was approximately 50º, testing a bone block with a proximal to distal length of only 1 cm would
result in testing less than 30% of the intact vertically-oriented collagen fibers in the specimen
(Fig. 3.26) and potentially mainly test the strength of the extrafibrillar matrix or fiber to matrix
crosslinks (Lynch, 2003). Therefore, the bone parts of the test specimens for the present study
were intentionally cut to be larger and the SADP was left intact over the entire surface of the
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bone to be certain that all collagen fibers attached to the hoof part of the specimen were also
anchored to bone. This assured that the tests would more accurately represent the strength of the
collagenous attachment between hoof and bone.

Figure 3.26

Radial tension and collagen orientation

The SADP portion of a 10-mm-long tissue test block at the junction of the hoof and distal
phalanx. This illustration demonstrates that for a radial tension test of a 1 cm X 1 cm tissue
block of SADP spanning hoof and bone, < 30% of the vertically oriented collagen fibers within
the SADP are connected to both the hoof and bone parts of the test specimen for a horse with a
50º distal phalanx angle and a 6 mm-thick SADP. DP-distal phalanx; NB-navicular bone; MPmiddle phalanx; DpAng-angle of the distal phalanx; SADP-suspensory apparatus of the distal
phalanx; *-angle formed between the dorsal surface of the distal phalanx and vertical collagen
fibers of the SADP; †-length of the portion of the SADP where vertical collagen fibers are
attached only to the bone part, and not to the hoof part of the tissue test block, calculated as
SADP thickness / tangent 40º, or 6 mm / 0.839 which equals 7.15 mm; ‡-large area where
vertical fibers of SADP are attached only to the bone part, and not to the hoof part of the tissue
test block; §- large area where vertical fibers of SADP are attached only to the hoof part, and not
to the bone part of the tissue test block; #-area comprising 28.5% of the SADP where vertical
fibers of the SADP are attached to both the hoof and the bone parts of the tissue test block.
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Although the 3 previous studies that reported ultimate tensile strength values for the
SADP all tested the hoof specimens in radial tension (Hallab et al. 1991; Kochova et al. 2011;
Kochová et al. 2013), we chose to test the SADP specimens in both radial and vertical tension,
because the principal orientation of collagen fibers in the SADP suggests that predominant in
vivo tensile forces may be oriented near vertically (Linford, 1987; Pellmann, 1995; Pollitt &
Collins, 2016) and because preliminary studies of stride simulations showed that tensile forces
within the SADP were also likely oriented vertically during a significant portion of the stride
cycle.
When determining the material properties of a biological tissue that is considered to have
viscoelastic behavior such as tendon or ligament, the loading rate or displacement rate during
testing can affect the estimates of ultimate tensile strength and modulus of elasticity or stiffness
(Truksa et al. 2003). Tendon and ligament specimens commonly display higher ultimate tensile
strength and stiffness values when tested at high displacement rates than when tested at lower
displacement rates (Truksa et al., 2003). The specimens for this study were loaded at an
approximation of the estimated distal phalanx displacement rate on impact in a walking horse,
8.33x10-5 m sec-1, which is between the displacement rates of 1.41x10-5 m sec-1 (Hallab et
al.1991) and 8.33x10-3 m sec-1 (Kochová et al. 2013; Kochova et al. 2011) that were used during
the 3 previous studies reporting ultimate tensile strength values for the SADP. Ultimate tensile
strength, modulus of elasticity, and strain to maximum load of the SADP specimens tested in
radial tension in this study were, respectively, 4.37 ± 0.35 MPa, 13.15 ± 1.88 MPa, and 0.49 ±
0.03. The values are comparable to those of a study of 2 hooves from an adult horse, where the
specimens were tested in radial tension and loaded at a displacement rate of 8.33x10-3 m sec-1.
In that study, Kochova et al. (2011) reported values of 2.95 ± 1.35 MPa, 11.07 ± 6.74 MPa, and
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0.54 ± 0.21 respectively, for ultimate tensile strength, modulus of elasticity, and strain at
maximum load.
The modulus of elasticity of the SADP in the radial tension tests of the present study is
approximately 70% of the value of 18.25 ± 5.38 MPa observed by Douglas et al. (1998) who
studied SADP specimens from 46 forefeet of 24 mature horses in radial tension at a displacement
rate of 8.33x10-3 m sec-1. It is thought that the slightly higher modulus of elasticity noted by
Douglass reflects the higher displacement rate. The specimens in the Douglas et al. (1998) study
were not loaded to failure, so other material properties of the SADP such as ultimate tensile
strength, strain to maximum load, resilience, and toughness were not available for comparison.
It has been noted that tensile load orientation has a significant effect on values obtained
for material properties when testing highly organized collagenous tissues, such as tendon and
ligament (Momersteeg et al. 1995; Woo et al. 1991). We found this to also be true for the SADP.
In the present study, the modulus of elasticity or stiffness of specimens tested in vertical tension,
26.87 ±1.88 MPa, was significantly greater than the stiffness observed for the specimens tested
in radial tension, 13.15 ±1.88 MPa (P = 0.0001). The findings for the SADP are similar to what
has been seen for tendon and ligament (Momersteeg et al. 1995; Woo et al. 1991) in that
structures are stiffest when tested in alignment with the collagen axis. Collagen fibers of the
SADP are predominantly organized vertically, or near vertically (Linford, 1987; Pellmann, 1995;
Pollitt & Collins, 2016) anchoring bone to hoof, and because collagen molecules are crosslinked
linearly along the longitudinal axis (Harvey, 2009; Oliver et al., 2016), the fibers are strong but
have limited ability to stretch without incurring structural damage when significant longitudinal
tension is applied. Thus, testing the SADP specimens in vertical tension, in alignment with the
predominant collagen fiber axis, produced only a slight percentage elongation (strain) per unit
133

load (stress) and therefore, a steep slope in the linear region of the stress-strain curve was
observed, indicating a comparatively high modulus of elasticity or high stiffness. Conversely
when SADP specimens were loaded in radial tension, the tensile load was applied at an angle of
approximately 50º obliquity to the predominant longitudinal axis of the collagen fibers. So,
during radial tension, the load was resisted by extrafibrillar matrix and possibly fiber to matrix
crosslinks until the collagen fiber axis was pulled into alignment with the tensile load, or the
tissue ruptured. Therefore, a greater percentage elongation of the tissue per unit load occurred
during radial tension tests than occurred during vertical tension tests. This resulted in a lower
slope for the straight-line portion of the stress strain curve indicating a lower modulus of
elasticity and less stiffness for specimens tested in radial tension than for specimens tested in
vertical tension.
Because of the vertical alignment of collagen fibers, it was thought that ultimate tensile
strength of the SADP would also be greater for specimens tested in vertical tension than for
specimens tested in radial tension, and this was the case. We found that ultimate tensile strength
was 5.58 ± 0.35 MPa for the specimens tested in vertical tension which was significantly greater
than that for specimens tested in radial tension 4.37 ±0.35 MPa (P = 0.0022). However, we
found that the resilience and strain to maximum load for specimens tested in radial tension,
respectively, 0.57 ± 0.05 MJ m-3 and 0.49 ± 0.03 were significantly greater than that of
specimens tested in vertical tension, respectively, 0.39 ± 0.05 MJ m-3 (P ˂ 0.0001) and 0.35 ±
0.03 (P = 0.0003). No significant difference in toughness was noted between specimens tested in
radial tension and those rested in vertical tension, respectively, 2.18 ± 0.16 MJ m-3 and 1.99 ±
0.16 MJ m-3 (P = 0.2693).
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In accordance with the maxim that collagenous structures are strongest when tested in
alignment with the predominant collagen axis as is the case with tendons and ligaments
(Momersteeg et al. 1995; Woo et al. 1991), and the findings that the modulus of sheep flexor
tendons was 2 orders of magnitude greater when tested in alignment with the longitudinal axis
than when tested transverse to it (Lynch 2003), we hypothesized that the ultimate tensile strength
of the SADP would be much greater when tested in vertical tension , in alignment with collagen
fiber axis, than when tested in radial tension, oblique to the collagen fiber axis. We found that
the ultimate tensile strength of specimens tested in vertical tension was approximately 20%
greater than that for specimens tested in radial tension but, we had expected the difference to be
even greater. However, it is important to consider the dynamic nature and morphology of the
interface between the hoof and the collagen in the lamellar region suspending the distal phalanx
when interpreting these test results.
At the junction with bone, collagen fibers of a tendon or ligament (Smith L, Xia Y,
Galatz LM, 2012), and those of the SADP (Linford, 1987; Pellmann, 1995; Pollitt & Collins,
2016), continue into the bone substance as Sharpey’s fibers which are cemented in place in the
mineralized matrix of the bone tissue. Thus, the collagenous attachment to bone is strong and
stable. By contrast, the collagenous attachment to the interior hoof wall must accommodate
distal migration of the wall to allow new hoof, which is formed proximally, to replace hoof that
is worn away at the weight-bearing surface. The mechanism that permits distal migration of the
hoof wall while maintaining suspension of the distal phalanx has not been completely elucidated;
however, the attachment of collagen of the dermal lamellae to the epidermal lamellae of the hoof
has been studied and has been shown to occur by way of a basement membrane (Linford, 1987;
Pollitt, 1994), similar to that of the dermo-epidermal interface in other areas (Mcmillan et al.
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2003). This junction is a potential weak link which has been shown to fail during laminitis
(Pollitt, 2004), and this is where we observed tissue failure during vertical tension tests in the
present study. But questions remain, “Why isn’t the SADP even much stronger than we
observed during vertical tension than during radial tension, and why does the tissue
predominantly fail at the dermo-epidermal junction during vertical tension tests but fail in the
deep dermis during radial tension tests?”
We can gain insight into these questions by considering the lamellar nature of the dermoepidermal interface. Each hoof has approximately 600 primary epidermal lamellar sheets that
each course the length of the hoof from proximal to distal and project approximately 3 mm
interiorly toward the distal phalanx (Leach DH, 1982; Stump, 1967) like spokes of a wheel. The
primary epidermal lamellar sheets are keratinized like the hoof wall (Leach DH, 1982) and are
anchored to it by keratin filaments during the process of hoof wall formation. Projecting
interiorly at a slightly oblique angle from each primary epidermal lamella are another 150 to 200
secondary epidermal lamellar sheets (Pollitt, 2010), each coursing along the length of the
primary epidermal lamella and extending approximately 100µ to 350µ into the dermis (Linford,
1987). The secondary epidermal lamellae are covered on the interior surface by a living basal
epidermal cell layer to which the collagenous fibers of the secondary dermal lamellae are
attached by a basement membrane (Pollitt, 1994).
We speculate that during radial tension, or loading during the propulsion part of the
stride, the secondary epidermal lamellar sheets are pulled interiorly toward the primary
epidermal lamellae, collapsing together and effectively trapping the collagen fibers of the
secondary dermal lamellae (Fig. 3.27) with an effect similar to that of a Chinese finger trap. This
effect converts tension to compression, and with greater tensile force, there is more compression
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and trapping of the collagen fibers of the secondary dermal lamellae; thus, reducing the
likelihood of failure in the lamellar region, but increasing the likelihood of failure in the deeper
layers of the dermis or at the junction of the dermal collagen with the cortex of the distal
phalanx.

Figure 3.27

Lamellar trapping mechanism

Suspected lamellar trapping mechanism during radial tension. Tissue failure sites within the
sublamellar region of the dermis (*) or at the collagenous junction with the distal phalanx (†).
PEL-primary epidermal lamellae; SEL-secondary epidermal lamellae; SDL-secondary dermal
lamellae; CF-collagen fibers of the dermal lamellae and deep dermis; DP-distal phalanx.
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However, during vertical tension or normal loading while standing, the secondary
epidermal lamellar sheets are principally loaded in a direction more closely aligned to the long
axis of the secondary epidermal lamellae, so there is reduced tendency for them to collapse
interiorly toward the primary epidermal lamellae (Fig. 3.28) and trap the collagen fibers of the
secondary dermal lamellae. If less lamellar trapping occurs during vertical tension than during
radial tension, it would likely result in less reinforcement of the dermo-epidermal attachment and
increased likelihood of tissue failure at the dermo-epidermal junction during vertical tension.
The interior most aspects of the primary epidermal lamellar tips are poorly keratinized (Linford,
1987) which may also make them susceptible to fracture during vertical tension when the
stability of the dermo-epidermal junction of the exterior lamellae is reduced.
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Figure 3.28

Reduced lamellar trapping during vertical tension.

Tissue failure sites at the dermoepidermal junction (*) or involving fracture of the interior tips of
primary epidermal lamellae (†). PEL-primary epidermal lamella; SEL-secondary epidermal
lamella; SDL-secondary dermal lamella; CF-collagen fibers of the dermal lamellae and deep
dermis; DP-distal phalanx.
We suspect that the secondary epidermal lamellar trapping mechanism may serve to
reinforce and strengthen the dermo-epidermal attachment when the radial tensile loading forces
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on it are likely greatest, such as during the late weight bearing propulsion part of the stride when
the distal phalanx is pulled maximally in a palmar direction by the deep digital flexor to propel
the horse forward while the hoof remains engaged with the ground. Such a trapping mechanism
may explain the relatively high ultimate tensile strength observed during radial tension and why
the tissue failed within the collagen of the deeper layers of the dermis during radial tension, but
at the dermo-epidermal junction during vertical tension.
Morphometric assessment of the tissues at the failure site served to reinforce the
observations made on visual inspection of the tissue specimens and histologic slides.
The numbers of fractured versus complete/intact primary epidermal lamellae were
assessed for the hoof parts of both the radial and vertical tension test specimens. The percentage
of complete/non-fractured primary epidermal lamellae was significantly greater for the hoof
parts of the radial tension test specimens than for those of the vertical tension test specimens,
respectively 95% ± 5% versus 40% ± 6% (P = 0.0082). This substantiates that the level of
failure was primarily deep to the lamellar region for specimens tested in radial tension (Fig. 3.21A), but significantly involved the lamellar region for specimens tested in vertical tension (Fig.
3.21-B).
During vertical tension testing, the dermal lamellae primarily remained attached to the
bone part of the specimens (Figs. 3.21-B, 3.23) and were pulled away from the epidermis,
leaving bare primary and secondary epidermal lamellae attached to the hoof (Figs. 3.21-B, 3.24);
whereas, during radial tension tests, the specimens primarily failed in the deep dermis (Fig. 3.21A) leaving the majority of primary dermal lamellae with the hoof parts, intact and in normal
alignment with the primary epidermal lamellae (Fig. 3.22). For the hoof parts, the percentage of
primary dermal lamellar sites with some intact primary dermal lamellar tissue was significantly
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greater for the radial tension test specimens than for the vertical tension test specimens,
respectively, 98% ± 7% versus 38% ± 8% (P = 0.0004).
The length of the primary dermal lamellae present in the hoof parts of the radial tension
test specimens was 2593 µ ± 219 µ, or 98% ± 10% of the reference length, further substantiating
that the site of failure was deep to the lamellar region. The vertical tension test specimens not
only had significantly fewer primary dermal lamellar sites that contained primary dermal
lamellar tissue than did the radial tension test specimens, but the length of the primary dermal
lamellae remaining in the hoof parts of the vertical tension test specimens was also significantly
shorter: 975 µ ± 253 µ versus 2593 µ ± 219 µ, (P = 0.008) or 41% ± 12% versus 98% ± 10% of
the reference length (P = 0.03). These findings corroborate the observation that the vertical
tension test specimens failed primarily in the lamellar region.
Because, in the hoof parts, most of the dermal lamellae pulled away from the epidermal
lamellae during vertical tension testing, the secondary epidermal lamellae at the interior tips of
primary epidermal lamellae often covered the fractured ends of some fractured primary
epidermal lamellae. This sometimes made it difficult to determine whether the primary
epidermal lamellae had fractured; thus, the 40% of primary epidermal lamellae that we estimated
to be complete/nonfractured may actually be a slight overestimate, as 65 % of primary epidermal
lamellar sites in the bone parts of the vertical tension test specimens, where it was easy to
identify the fractured fragments of primary epidermal lamellar tips (Figs. 3.21-B, 3.25),
contained fractured primary epidermal lamellar tips.
The fact that some fractured primary epidermal lamellae in the hoof parts of the vertical
tension test specimens may have mistakenly been judged to be complete may have contributed to
the finding that the length of the complete primary epidermal lamellae for the hoof parts of the
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radial tension test specimens was significantly longer than that for the vertical tension test
specimens, respectively, 2837 µ ± 180 µ versus 2476 µ ± 186 µ, (P = 0.0416).
We observed that 100% ± 1% of the primary dermal lamellar sites in the bone parts of the
vertical tension test specimens contained primary dermal lamellae. This was significantly
greater (P = 0.0079) than the 31% ± 12% noted in the bone parts of the radial tension test
specimens. This further substantiates the site of failure in the lamellar region for the vertical
tension test specimens.
When the actual proportion of the transverse width of the failure site that occurred in the
deep dermis versus the lamellar region was measured for the hoof parts of the test specimens, a
highly significantly greater proportion of failure site was in the deep dermis for the radial tension
test specimens than for the vertical tension test specimens, respectively, 97% ± 2% versus 0.01%
± 2%, (P < 0.0001).
Since there have been few equine studies that tested the tissues of the SADP to failure,
there is a paucity of information on how the tissue fails under acute loads in a testing
environment. We could find no previous equine materials testing studies that documented the
tissue failure site during vertical tension testing; however, the location of failure noted in the
lamellar region during vertical tension testing in the present investigation (Figs. 3.17, 3.20, 3.21B, 3.23-3.25) is similar to that seen in acute, severe, laminitis, with separation of the dermal
lamellae from the epidermal lamellae of the hoof (Pollitt, 1996; Linford, 1987). Likewise it is
interesting that this type of failure between the dermal and epidermal lamellae was one of the
modes of rupture observed during radial tension testing of the SADP in cattle (Maierl et al.
2002).
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A study of hoof wall wound repair most closely simulated the tensile load orientation in
the SADP during the vertical tension tests in the present study (Pollitt & Daradka, 2004). In that
study, strips of hoof wall were removed, as is sometimes indicated for repair of hoof cracks or
surgical procedures of the equine digit (White et al. 1998). Stripping is performed by making
parallel longitudinal cuts from coronet to the weight bearing surface, through the hoof wall to a
depth of the lamellae, thinning the junction of the sole and the wall at the white line between the
cuts, then using a special tool to pry the distal wall vertically towards the coronet and separate it
from the underlying dermis. This load orientation closely matches that of the vertical tension test
of the present study and resulted in a nearly identical failure pattern. Separation primarily
occurred between the secondary dermal and epidermal lamellae, with a significant number of
primary epidermal lamellar tips being fractured and remaining with the dermis (Pollitt &
Daradka, 2004). The germinal basal secondary epidermal lamellar cells of the fractured tips of
the primary epidermal lamellae remained with the dermal lamellae, like what was seen in the
vertical tension specimens of our study (Figs. 3.21-B, 3.25, and 3.28). They are likely
responsible for the success of the procedure, in that the basal cells remaining with the dermis can
rapidly multiply and quickly (within 10 days) reestablish a near-normal lamellar epidermal
covering over the bare dermal lamellar surface which retains a substantial basement membrane
(Pollitt & Daradka, 2004) following the stripping procedure.
The failure mode for equine SADP specimens tested in radial tension in the present
investigation (Figs. 3.21-A and 3.22) is very similar to two of the failure modes noted for bovine
SADP specimens tested in radial tension (Maierl et al. 2002), where failure occurred in the
deeper layers of the corium (sub-lamellar dermis) or at the attachment of the corium to the distal
phalanx. The failure pattern is also similar to that mentioned in an anecdotal note of unpublished
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results for an in vitro radial tension test of an equine SADP block that failed at the junction of the
dermis and distal phalanx (Thomason et al. 1992). No other details were mentioned in the
report.
The failure mode we observed was; however, different than that noted for radial tension
tests of equine SADP in 4 horses (Kochová, et al, 2011; Kochová et al., 2013), where the rupture
line crossed the middle of the primary dermal and epidermal lamellae. The differences may have
been due, in part, to differences in test block size or configuration; however, this is not thought to
be entirely responsible, as specimen blocks in the bovine study (Maierl et al., 2002) and the
anecdotal equine block (Thomason et al., 1992) were similar to those of the Kochova studies, yet
failed like those of the present study. It seems more likely that differences in the loading rate of
the tests may have played a larger role, in that the loading rate for the Kochova studies was 8.33
x 10-3 ms-1 versus significantly slower at 8.33 x 10-5 ms-1 for the present study and for the bovine
study at 5 x 10-5 ms-1.
The exterior parts of equine primary epidermal lamellae are fully keratinized, similar to
the hoof wall (Budras et al. 1989; Leach DH, 1982; Linford, 1987; Stump, 1967), whereas, the
interior parts are thinner and less well keratinized. It is likely that the exterior parts of the
primary epidermal lamellae are stiffer and more brittle than the interior parts and when loaded at
high velocities, they may be more susceptible to fracture where they begin to taper near the
midportion. When cracks initiate near the midportion of the primary epidermal lamellae during
high velocity loading, the cracks may also be more likely to propagate across the primary dermal
lamellae, rather than follow the dermo epidermal junction. Also, the location, degree, and rate of
engagement of the lamellar trapping mechanism may be altered by different loading velocities
and would likely have a significant effect on the location of failure.
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The planar surface area of the interior surface of the hoof of mature horses has been
previously estimated to be approximately 70 cm² (Douglas et al. 1998). Given the 50º hoof angle
and the 5.58 MPa (5.58 MN/m²) ultimate tensile strength we observed during vertical tension
tests of the SADP, calculations indicate that the hoof will support approximately 37 kg/cm² of
interior wall surface area prior to failure in vertical tension. Since the interior surface area of the
hoof is approximately 70 cm², each hoof could theoretically support approximately 2590 kg prior
to SADP failure in vertical tension. This provides an estimated 8.6 times redundancy in the
strength of the SADP for the sound forelimb of a 500 kg horse that is unable to bear weight on
the opposite forelimb, and makes it unlikely that a simple acute mechanical overtaxing of the
limits of the suspending mechanism is responsible for failure of the SADP during supporting
limb laminitis. It is possible that an excess load that is not great enough to produce acute failure
of the SADP, if sustained over a sufficient period of time, could lead to breakdown of the SADP.
Failure location in such a case would be predicted to occur in the lamellar region where energy is
constantly expended (Wattle & Pollitt, 2004) to maintain the dermal-to-epidermal connection as
the hoof epidermis moves distally past the collagen of the SADP to replace hoof worn off at the
bearing surface. The dermo-epidermal junction was the predominant location of failure during
vertical tension tests in this investigation. Further studies will be required to document the
effects of sustained subthreshold excess load on the SADP.
The results of this investigation provided important new information on the mechanical
behavior of the SADP, one of the most critical areas of the horses’ foot. These results will be of
significant value for future studies modeling the behavior of the equine digit under various load
and stride conditions and provide important information on how the tissue fails under vertical
and radial tension loads.
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CHAPTER IV
EFFECTS OF FREEZING ON THE MECHANICAL PROPERTIES OF THE SUSPENSORY
APPARATUS OF THE DISTAL PHALANX
The equine hoof is mechanically designed to absorb repetitive impact forces as high as
1.7 times body weight at a gallop (Kingsbury et al. 1978). The design capacities of the hoof are
often exceeded resulting in lameness. Many conditions affect the integrity of the suspensory
apparatus of the distal phalanx (SADP) such as disorders that interfere with circulation, disorders
that produce endotoxemia, and disorders that increase weight supported by a limb because of
non-weightbearing lameness in the opposite limb (Engiles, 2010; Orsini, 2012). Such problems
often result in failure of the SADP and crippling lameness. The economic impact of lameness in
horses ranges from $678 million to $1 billion in the United States alone with approximately 40%
of lameness attributed to the hoof (Seitzinger et al., 2000).
Understanding the material properties of the SADP is fundamental to understanding
disease processes that affect the lamellar tissue and to devising effective prevention and
treatment strategies. An important question in mechanical testing of biologic tissue is how
storage affect the tissue material properties. The effect of freezing on the mechanical properties
has been investigated in a variety of tissues such as ligament, bone, and tendon with most
investigators concluding that freezing had no significant effect on mechanical properties of those
tissues (Rodrigo et al. 2007; Sarratt & Hood, 2005; Van Haaren et al. 2008; Woo et al. 1986).
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However, research has also shown that the method of preservation for tissues such as skin can
alter its mechanical properties (Wood et al. 2014).
Research to determine the material properties of the equine SADP is a difficult process
that requires accurate collection of tissue samples, sample preparation, and coordination with a
material testing laboratory in a timely manner to test fresh tissue. Previous researchers studying
the mechanical properties of the SADP utilized different methods in order to overcome the
logistical challenges of timely tissue collection and testing (Douglas et al. 1998; Hallab et al.
1991). But only one study to date has compared the material properties of fresh and frozen hoof
samples (Kochová et al. 2010). Those investigators took multiple samples from 2 forefeet of a
foal and found no difference in the elastic modulus between fresh and frozen tissue samples;
however, the effect of freezing on other important mechanical properties of the tissue, such as
ultimate tensile strength of the tissue was not reported. This is encouraging work but because of
the limited number of digits, young age of the animal, and limited mechanical properties
reported, it is important that additional studies be conducted to establish whether freezing has a
significant effect on the material properties of the SADP in the adult horse. Research modelling
the behavior of this important structure under load will be simplified if it can be shown that
freezing and storing the frozen tissue samples has no adverse effect on the mechanical properties
of the SADP in adult horses.
If freezing is shown not to affect the material properties of the SADP in adult horses, a
next step would be to study the effect of multiple freeze-thaw cycles on mechanical properties of
the SADP. Repetitive freeze thaw cycles have been utilized in studies of tendons and ligaments
to determine the effect on tissue material properties as well as to determine the most appropriate
preservation method for preserving tissues for surgical implantation (Huang et al. 2011; Jung et
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al. 2011; Moon et al. 2006). Subjecting the SADP to multiple freeze thaw cycles is likely to
magnify any adverse effects of a single freeze-thaw cycle and help identify any subtle adverse
effects of freezing.
The objectives of this investigation were to determine the effect of a single freeze-thaw
cycle and that of multiple freeze-thaw cycles on the mechanical properties of the SADP, and to
histologically characterize the site of failure in the test samples.
Materials and Methods:
This study was conducted in 2 phases; initially the mechanical properties of fresh SADP
tissue samples were compared to those of SADP samples that had been frozen at -20° C for 14
days; the fresh/single-freeze-thaw part of the study. Following that, the mechanical properties of
fresh SADP tissue samples were compared to those of SADP tissue samples that had undergone
3 freeze/thaw cycles, having been frozen at -20° C for 5 days then thawed at room temperature
for 12 hours, 3 times; the fresh/triple-freeze-thaw part of the study.
Hoof procurement and sample preparation
All procedures were approved by and performed in accordance with Mississippi State
University Institutional Animal Care and Use Committee. For the fresh/single-freeze-thaw
study, 22 front feet were collected from 11 horses. Ten were Quarter horse and Quarter horse
crosses and one was a Missouri Fox Trotter. There were 3 geldings, 7 mares, and a stallion, with
a median age of 12 years (range, 3-22 years) and median weight of 444 kg (range, 272-554 kg).
All horses were euthanized for health reasons not involving the digits and had no evidence of
foot problems based on clinical and radiographic evaluation of the digits. The digits were
removed at the metacarpophalangeal joint at the time of euthanasia and the fresh specimens were
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harvested and tested within 8 hours, with the single-freeze-thaw specimens harvested and placed
in a -20° C freezer within 3 hours.
For the fresh/triple-freeze-thaw study, twenty digits were collected from 5 Quarter horse
and Quarter horse crosses (4 mares and 1 gelding), with a median weight of 415 kg (range, 231423 kg) and median age of 17 (range 3.5-20).
Prior to euthanasia, the sole surface and frog sulci of the digits were cleaned and straight
lateromedial and 65° dorsoproximal-palmarodistal/plantarodistal radiographic views were
obtained for each digit using a Sound-Eklin™ digital radiography system with a MinRay™ Xray generator. Digital images were archived on a McKesson PACS™ archival system for
review. Weight bearing lateromedial radiographic views of the digits were obtained with each
digit positioned on an 8 cm block, both bearing equal weight as each image was exposed. Care
was taken to ensure straight lateromedial projections without obliquity by aligning the
radiographic beam so that it passed perpendicular to a sagittal plane through the digit while
centered on the hoof capsule, 3 cm proximal to the bearing surface. For each lateromedial view,
the medial hoof wall was placed near the edge of the block and the imaging plate positioned in
the sagittal plane adjacent to the medial wall. For the 65° dorsoproximal palmarodistal
/plantarodistal radiographic views, the horse stood on a cassette tunnel containing the imaging
plate. The focus-plate distance was 75 cm and exposure factors were 5 mAs at 85 kVp for the
lateromedial radiographs and 10 mAs at 70 kVp for the 65° dorsoproximalpalmaro/plantarodistal images.
Radiographic evaluation
Radiographs of each distal digit (hoof capsule and enclosed structures) were evaluated for
bony or soft tissue abnormalities, including subtle radiographic signs of laminitis (palmar
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rotation > 2°, hoof wall undulations or curvature, palmar cortex resorption, distal dorsal cortical
bone deposition) (Linford et al. 1993). If abnormalities were identified, the horse was excluded
from the study. The hoof angle (HfAng) and angle of the distal phalanx (DpAng) were
quantitated from the lateromedial radiographs (Figure 4.1) using RadiAnt™ PACS-Dicom
software and the amount of palmar rotation of the distal phalanx was determined by: Palmar
rotation = DpAng - HfAng.

Figure 4.1

Lateromedial radiographic view of equine digit

Schematic of a lateromedial radiographic view of the digit of a horse. MP-middle phalanx; DPdistal phalanx; EP-extensor process of the distal phalanx; NB-navicular bone; HF-hoof wall.
Points were identified on the dorsal cortex of the distal phalanx 2 mm distal to the extensor
process and 6 mm proximal to the tip. The distal phalanx angle (DpAng) was the angle inscribed
by the intersection of a line through the two points and a line along the bearing surface of the
digit. Two points were identified on the dorsal surface of the hoof wall adjacent to those on the
distal phalanx, and the hoof angle (HfAng) was the angle inscribed by the intersection of a line
through the two points on the hoof wall and a line along the bearing surface of the digit.
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Tissue processing: Effect of a single freeze/thaw cycle
Immediately following humane euthanasia, the digits were obtained by disarticulation at
the metacarpophalangeal joint and processed to obtain samples of the hoof bone junction for
evaluating the ultimate tensile strength and other material properties of the SADP when
distracted in vertical tension. All materials testing for the fresh SADP tissue specimens was
completed within 8 hours of euthanasia. The objective was to obtain a large block of the central
portion of the dorsal cortex of the distal phalanx covered by an intact SADP with an attached 1
cm X 1 cm block of hoof wall centered on the midline and midway between the tip of the distal
phalanx and the base of the extensor process for the block from each digit of the forelimb pairs
from each horse. The tissue block from each digit of each limb pair was tested in vertical
tension. To obtain the tissue blocks for testing, a transverse band saw cut was made parallel to
the coronary band, removing the proximal and majority of the middle phalanges. Following that
cut, a 30 mm-wide midsagittal tissue section was obtained by making sagittal cuts through the
hoof capsule and distal phalanx 15 mm on each side of midline (Figure 4.2).
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Figure 4.2

Schematic of equine digit with saw cuts

Schematic of an equine digit showing the location of sagittal band saw cuts that were made to
produce the midsagittal section of hoof wall, SADP, and distal phalanx. B-Dorsal view
schematic of the distal digit showing the precise location of the sagittal band saw cuts (1 and 2),
15 mm to either side of the midsagittal plane through the digit (midline). The cuts were used to
produce a 30 mm-thick midsagittal slab of tissue.
To obtain the tissue block used for mechanical testing from the 30 mm-thick sagittal
tissue slab, a band saw was used to trim the palmar portion of the distal phalanx away from the
dorsal cortex (Figure 4.3A, 1), leaving only the most dorsal 15 mm of dorsal cortex attached to
the hoof wall. Transverse cuts were then made at the base of the extensor process (Figure 4.3A,
2) and immediately distal to the tip of the distal phalanx (Figure 4.3A, 3), further isolating a
rectangular block of dorsal cortex and attached hoof. Transverse cuts were then made with the
band saw perpendicular to the surface of the hoof, almost completely through the hoof wall from
exterior to interior, centered 13 mm and 23 mm proximal to the tip of the distal phalanx (Figure
4.3B, 4 and 5). Following the transverse cuts, longitudinal cuts were made, also almost
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completely through the hoof wall from exterior to interior, 10 mm from the medial and lateral
edges of the tissue slab (Figure 4.3B, 6 and 7). The cuts isolated a 10 mm X 10 mm square piece
of hoof, centered along the mid-dorsal aspect of the dorsal cortex of the attached portion of the
distal phalanx (Figure 4.3B, X).
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Figure 4.3

Illustrations of hoof with saw cuts

A- Illustration showing a 30 mm-thick sagittal tissue slab of hoof and distal phalanx with the
band saw cuts (1-3) that were used to remove isolate a large block of hoof and dorsal cortex of
the distal phalanx. B-Transverse cuts (4 and 5) were made in the large tissue block almost
completely through the hoof wall from exterior to interior, extending to the junction of the
stratum medium and stratum internum. Following those cuts, similar longitudinal band saw cuts
(6 and 7) were also made almost completely through the hoof wall, extending to the junction of
the stratum medium and stratum internum, to isolate a central 10 mm X 10 mm portion of hoof
(X).
The hoof portion of the large tissue block was secured to a table top vise and a fine tooth
saw was used to make cuts parallel to the surface of the hoof, at the junction of the stratum
internum and stratum medium to remove excess hoof wall and leave only the central 10 mm X
10 mm piece of square hoof protruding from the stratum internum. Care was taken to ensure that
the remaining central hoof block was attached only to the underlying SADP and not to
surrounding parts of adjacent stratum medium by incising residual stratum medium along the
block margins down to the level of the stratum medium-SADP junction using a #11 blade. After
the excess hoof was removed, the SADP remained intact over the entire dorsal cortex of bone in
the 30 mm-thick slabs, anchoring the protruding 10 mm X 10 mm square piece of hoof to the
dorsal cortex, creating the large tissue block.
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After each hoof had been sectioned, the samples were wrapped in saline soaked gauze
and placed in individual containers. One sample was placed in a -20° C freezer to be tested 14
days later while the other sample was tested immediately.
Tissue processing: Effect of three freeze-thaw cycles
The fresh vs triple-freeze-thaw samples were processed similarly to the fresh vs singlefreeze-thaw tissue samples with the exception that two samples were taken from the dorsal
surface of each digit. (Figure 4.4)

Figure 4.4

Dorsal view of hoof with samples

Dorsal view of samples taken for fresh: fresh/triple-freeze-thaw testing
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One sample was promptly tested while the other sample underwent 3 freeze-thaw cycles,
having been frozen at -20° C for 5 days then thawed at room temperature for 12 hours, 3 times
prior to mechanical testing.
Biomechanical testing:
Uniaxial tensile tests were performed using the Instron 1011 materials testing machine
with a 1 kN load cell. (Figure 4.5)

Figure 4.5

Materials testing setup for vertical tension

The samples were clamped in the testing machine with grips on the hoof and bone
surfaces aligned so the direction of tension was vertical during the test (Figure 4.5). A protractor
was placed behind the samples with a line corresponding to the angle of the distal phalanx
measured previously on radiographs, to use as a guide for positioning the sample in the testing
grips such that the direction of tension was perpendicular to the bearing surface of the hoof. A
crosshead displacement rate of 8.33x10-5 m sec-1 (5 mm/min) was used for the rate of strain. The
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objective was to assess the mechanical properties, especially the ultimate tensile strength, of the
hoof-bone connection (SADP) in each tissue block by distracting the hoof portion of the
specimen from the bone portion of the specimen until the tissue failed while monitoring the load
and displacement using materials testing equipment. Load and displacement data were obtained
directly from the Instron materials testing machine by a computer acquisition system at 10 Hz.
A force displacement curve was created using the data from each uniaxial tensile test. The force
displacement data was normalized into stress by dividing force by the cross sectional area of the
SADP in a plane perpendicular to the direction of tension (𝜎 = 𝐹/𝐴) and strain by dividing the
change in specimen length by the original length in the direction of tension (𝜖 = ∆𝑙 ⁄ 𝑙)
measured from hoof to bone using micrometer calipers. The mechanical property data for the
SADP derived from the stress-strain graphs included ultimate tensile strength, strain to
maximum load, elastic modulus, resilience, and toughness. (Figure 4.6).
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Figure 4.6

Mechanical properties of stress strain graph

Mechanical properties derived from the stress-strain curve created using the force displacement
data from each test specimen. The displayed curve represents the average of the individual
stress-strain curves obtained from multiple tissue blocks tested in vertical tension. a- elastic
modulus or stiffness (slope of the steep straight-line portion of the curve), b- strain to maximum
load, c- ultimate tensile strength. The area under elastic portion of the stress/strain curve to the
materials yield point (lined area, d) is a measure the modulus of resilience. It represents the
amount of strain energy per unit volume the tissue can absorb without permanent deformation.
The entire blue shade area (e) represents toughness, which is the total amount of strain energy
per unit volume the tissue can absorb prior to completely failing.
Histomorphometry:
After materials testing, the samples were photographed, measured and placed in 10%
neutral buffered formalin for histology. The bone side of each specimen was placed in
Kristenson’s decalcifying solution for approximately 3 weeks before further processing.
Transverse sections 2 mm thick were cut in the tissue failure region, centered approximately 5
mm from the proximal border of each bone and hoof specimen of each test block. This resulted
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in the transverse tissue sections located in a representative area approximately in the middle of
each test specimen. For the hoof specimens, the section was trimmed to include only a thin layer
of hoof and all the SADP that remained with failed hoof portion of the specimen. For the bone
parts, the specimens were trimmed to include all the failed SADP that remained with the bone
and 3 mm of the dorsal cortex of the distal phalanx. Additional 2 mm-thick transverse control
sections were cut in an undisturbed region of the SADP lateral to the failure region of
representative tissue blocks. The sections were routinely processed and embedded in glycol
methacrylate, (Polysciences, Inc., JB-4® embedding kit), sectioned at 4 µm, mounted on glass
slides, stained for basement membrane with Periodic acid Schiff (PAS) and counterstained with
Gill’s hematoxylin (Cerri PS, 2003) and digitally scanned with a Scan Scope CS slide
scanner (Aperio Technologies, Inc.). During the staining, control sections with intact basement
membrane were used to monitor the quality of PAS staining in regions known to be PAS
positive. The scanned slide images were opened with IrfanView imaging software, saved as jpeg
files and then ported to ImageJ (Rasband, n.d.) image processing software, to quantify the
proportion of the perimeter of the epidermal lamellae with PAS positive stain following tissue
failure. This was done by randomly picking 2 representative primary epidermal lamellae from
each section and using the image processing software to calculate the length of entire dermoepidermal junction along the margin of each secondary epidermal lamella attached to the primary
lamellae. The length of the junctional region that was PAS positive was then quantified and
expressed as a percent of the entire perimeter. This was done as an indication of the amount of
PAS positive basement membrane that remained with the secondary epidermal lamellar cells
following tissue disruption for the fresh, single-freeze-thaw, and triple-freeze-thaw specimens.
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Statistical analysis:
Fresh/single-freeze-thaw mechanical properties
The effect of Method (fresh or single-freeze-thaw samples) and Forelimb (left or right)
on variables measuring the mechanical properties of the SADP obtained from the biomechanical
test results was assessed by mixed model multiple variable linear regression using PROC
MIXED in SAS for Windows 9.4 (SAS Institute, Inc., Cary, NC). Separate models were created
for the ultimate tensile strength, modulus of elasticity, strain to maximum load, resilience, and
toughness outcomes. Initially, the main effects of Method and Forelimb, as well as the
interaction Method*Forelimb were included as fixed effects. Horse identity was included as a
random effect in all models. For all models, the interaction term was removed if nonsignificant.
Main effects were left in the model regardless of significance. The distribution of the conditional
residuals was evaluated for each outcome to ensure the assumptions of the statistical method had
been met for that model. An alpha level of 0.05 was used to determine statistical significance.
Fresh/triple-freeze-thaw mechanical properties
Statistical methods for the fresh/triple-freeze-thaw study were like those for the
fresh/single-freeze-thaw study except that the main effect of Method was comprised of fresh
versus triple-freeze-thaw samples and the main effect of Limb was comprised of forelimb versus
hindlimb samples. The interaction of Method*Limb was also studied.
Fresh/single-freeze-thaw histomorphometry
The effect of Method (fresh or single-freeze-thaw samples) and Limb (left or right) on the
percentage of failed lamellar dermo-epidermal junction that stained PAS positive was assessed
by mixed model multiple variable linear regression using PROC MIXED in SAS for Windows
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9.4 (SAS Institute, Inc., Cary, NC). The percent PAS positive junctional length outcome was
modelled with main effects of Method and Limb as well as the interaction Method*Limb
included as fixed effects. Horse identity was also included as a random effect in the model. The
interaction term was removed if nonsignificant. Main effects were left in the model regardless of
significance. The distribution of the conditional residuals was evaluated for the outcome to
ensure the assumptions of the statistical method had been met for the model. An alpha level of
0.05 was used to determine statistical significance.
Fresh/triple-freeze-thaw histomorphometry
Statistical methods for the fresh/triple-freeze-thaw histomorphometry study were like
those for the fresh/single-freeze-thaw study except that the main effect of Method included fresh
versus triple-freeze-thaw samples instead of fresh versus single-freeze-thaw samples.
Results:
Visual inspection of the failed tissue samples indicated that failure primarily occurred in
the lamellar region for the fresh, single-freeze-thaw, and the triple-freeze-thaw test samples, with
the epidermal lamellae remaining with the hoof part of the specimens and the majority of the
dermal tissue remaining with the bone part of the specimens (Figure 4.7).

165

Figure 4.7

Photographs of failure site for fresh specimens

Series of photographs depicting the failure site of a typical fresh test specimen tested in vertical
tension. The failed single-freeze-thaw and triple-freeze-thaw test specimens had a similar
appearance. A – Bone part of the tissue block covered by the SADP with the hoof part of the
specimen resting on the surface following the test. The depressed square region in the center
represents the area where the central hoof block part of the specimen pulled away during the test,
the failure site. B – Enlarged view of the failure site on the surface of the distal phalanx. The
specimen failed predominantly in the lamellar region, with the dermal lamellae visible on the
surface of the distal phalanx following the test. C – View of the distal end of the hoof portion of
the specimen that was pulled away from the SADP during testing. Notice that the epidermal
lamellae of the distal part of the block have no visible dermal lamellae attached. D – Hoof part of
the test specimen viewed from a palmarodistal perspective. Bare primary epidermal lamellae are
clearly visible, with no attached dermal tissue. E – Palmar view of the hoof part of the failed test
specimen. Notice the obvious primary epidermal lamellae with no visible dermal lamellae
attached
In the fresh tissue specimens of both studies, approximately the most interior 20% of
nearly all primary epidermal lamellae fractured and, with the attached secondary epidermal
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lamellae, remained with the dermal lamellae anchored to the bone part of the specimen. This
happened only occasionally for the single-freeze-thaw tissue specimens and rarely occurred in
the triple-freeze-thaw tissue specimens where nearly all the primary and secondary epidermal
lamellae remained intact and attached to the hoof portion of the specimen.
Mechanical properities
Fresh/single-freeze-thaw study
The ultimate tensile strength of the SADP was significantly reduced by freezing, and was
respectively, 4.44 ± 0.33 MPa for the single-freeze-thaw tissue specimens and 5.69 ± 0.33 MPa
for the fresh tissue specimens (P = 0.0266), (Figure 4.8).
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Figure 4.8

Typical stress strain graphs of fresh and single-freeze-thaw specimens

Typical stress strain graphs of fresh (A) and single-freeze-thaw (B) SADP tissue specimens
tested in vertical tension. The displayed curve (A) represents the average of the individual
stress-strain curves obtained from the fresh tissue blocks and the displayed curve (B) represents
the average of the individual stress-strain curves obtained from the tissue blocks that underwent a
single freeze-thaw cycle before testing. A-Fresh SADP tissue: a-slope of linear portion of curve
= modulus of elasticity or stiffness, 28.51 MPa; b-strain to maximum load, 0.36; c-ultimate
tensile strength, 5.69 MPa; d-resilience (lined area), the strain energy per unit volume the tissue
can absorb without permanent deformation, 0.36 MJ m-3; e-toughness (blue shaded area), the
strain energy per unit volume the tissue can absorb prior to complete failure, 1.85 MJ m-3; BSingle-freeze-thaw SADP tissue: f- modulus of elasticity or stiffness, 22.66 MPa; g-strain to
maximum load, 0.35; h-ultimate tensile strength, 4.44 MPa; i-resilience (lined area), 0.28 MJ
m-3; j-toughness (blue shaded area), 1.55 MJ m-3.
Freezing also produced a trend toward reduction in the elastic modulus of the SADP for
the single-freeze-thaw samples versus the fresh samples, respectively, 22.66 ± 2.22 MPa versus
28.51 ± 2.22 MPa (P = 0.0885). However, no significant differences were noted in strain to
maximum load between the fresh and single-freeze-thaw samples, respectively, 0.36 ± 0.03
versus 0.35 ±0.03 (P = 0.7572). The resilience of the SADP was also not significantly different
between the fresh and single-freeze-thaw samples, respectively 0.36 ± 0.04 MJ m-3 versus 0.28 ±
0.04 MJ m-3 (P = 0.2267). And there were also no significant differences noted in toughness
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between the fresh and single-freeze-thaw samples, respectively, 1.85 ± 0.19 MJ m-3 versus 1.55
± 0.19 MJ m-3 (P = 0.1638).
Fresh/triple-freeze-thaw study
Repeated freeze-thaw cycles significantly reduced the ultimate tensile strength of the
SADP which was respectively, 2.57 ± 0.30 MPa for the triple-freeze-thaw tissue specimens and
4.40 ± 0.30 MPa for the fresh tissue specimens (P < 0.0001), (Figure 4.9).

Figure 4.9

Typical stress strain graph for fresh and triple-freeze-thaw specimens

Typical stress strain graphs of fresh (A) and triple-freeze-thaw (B) SADP tissue specimens tested
in vertical tension. The displayed curve (A) represents the average of the individual stress-strain
curves obtained from the fresh tissue blocks and the displayed curve (B) represents the average
of the individual stress-strain curves obtained from the tissue blocks that underwent a three
freeze-thaw cycles before testing. A-Fresh SADP tissue: a-slope of linear portion of curve =
modulus of elasticity or stiffness, 22.17 MPa; b-strain to maximum load, 0.30; c-ultimate tensile
strength, 4.40 MPa; d-resilience (lined area), the strain energy per unit volume the tissue can
absorb without permanent deformation, 0.32 MJ m-3; e-toughness (blue shaded area), the strain
energy per unit volume the tissue can absorb prior to complete failure, 1.39 MJ m-3; B-Triplefreeze-thaw SADP tissue: f- modulus of elasticity or stiffness, 19.00 MPa; g-strain to maximum
load, 0.19; h-ultimate tensile strength, 2.57 MPa; i-resilience (lined area), 0.15 MJ m-3; jtoughness (blue shaded area), 0.45 MJ m-3.
169

The triple-freeze-thaw cycle also produced a trend toward reduction in the elastic
modulus of the SADP for the triple-freeze-thaw samples versus the fresh samples, respectively,
19.00 ± 2.33 MPa versus 22.17 ± 2.30 MPa (P = 0.0997). Moreover, the triple-freeze-thaw
procedure produced significant reductions in the strain to maximum load, resilience, and
toughness which were all significantly less for the triple-freeze-thaw tissue samples than for the
fresh samples, respectively: strain to maximum load, 0.19 ± 0.23 versus 0.30 ± 0.023 (P <
0.0001); resilience, 0.15 ± 0.02 MJ m-3 versus 0.32 ± 0.002 MJ m-3 (P < 0.0001); and toughness,
0.45 ± 0.09 MJ m-3 versus 1.39 ± 0.09 MJ m-3 (P < 0.0001).
Interestingly, during the fresh/triple-freeze-thaw study there were significant differences
between forelimbs and hindlimbs for the ultimate tensile strength and elastic modulus. The
ultimate tensile for forelimbs was significantly greater than that for hindlimbs, respectively 3.87
± 0.30 MPa versus 3.06 ± 0.30 (P = 0.0055) and the elastic modulus or stiffness of the SADP
was also significantly greater for the forelimbs than for the hindlimbs, respectively 24.38 ± 2.31
MPa versus 16.78 ± 2.33 MPa (P = 0.0003)
Histology and histomorphometry
Fresh/single-freeze-thaw study
The site of failure for the fresh and single-freeze-thaw tissue samples was confirmed to
be within the lamellar region, at the dermo-epidermal junction, with the majority of the primary
and secondary epidermal lamellae remaining with the hoof part of the specimen and the dermal
lamellae remaining with the bone part of the specimen. Transverse histologic sections of the
failed hoof and bone parts of the specimens were stained with PAS to determine whether and to
what degree, the glycoprotein components of the basement membrane were disrupted by the
tissue damage that occurred as the dermis separated from the epidermis along the secondary
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epidermal lamellae at the dermo-epidermal junction during testing. The percentage of the length
of the original basement membrane at the dermo-epidermal junction that remained PAS positive
following testing was significantly greater for the fresh tissue specimens than for the singlefreeze-thaw tissue specimens, respectively 55.7 ± 5.9 % versus 23.2 ± 6.2 % (P = 0.0002). The
PAS staining properties of a typical transverse histologic section of the lamellar region of the
hoof part of a failed fresh specimen are shown in Figures 4.10 and 4.11, and compared to the
PAS staining properties of a control section with intact basement membrane from a fresh tissue
specimen in Figure 4.12.
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Figure 4.10

Transverse histologic hoof section of a failed fresh test specimen

Typical transverse histologic section taken from the hoof part of a failed fresh SADP tissue test
specimen stained with PAS and Gill’s hematoxylin. Notice the site of failure is in the lamellar
region with the primary epidermal lamellae (PEL) and secondary epidermal lamellae (SEL)
remaining attached to the hoof part of the specimen. Also notice that the interior tips of the
primary epidermal lamellae appear to be fractured and that no dermal lamellae are visible. The
rectangular region outlined by a solid line (_____) demonstrates the typical appearance of
secondary epidermal lamellae in the failed fresh tissue specimens and is shown at higher
magnification in Figure 4.11.
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Figure 4.11

Higher magnification of lamellae outlined in Fig. 4.10

Higher magnification image of the rectangular area enclosed by the solid line (____) from the
histologic section of fresh tissue test specimen in Figure 4.10. Note the primary epidermal
lamellae (PEL) with the attached intact secondary epidermal lamellae (SEL). Also note the PAS
positive staining (PAS+ BM) in the area of the original basement membrane along
approximately 50% of the length of the perimeter of the secondary epidermal lamellae. Multiple
secondary epidermal lamellae have no PAS positive stain along the perimeter (No PAS+ stain).
This can be compared to PAS positive staining of the basement membrane along 100% of the
length of the perimeter of the secondary epidermal lamellae of a control lamellar section
obtained from an undisturbed location lateral to the failure site (Fig. 4.12).
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Figure 4.12

Higher magnification of control lamellar specimen

High magnification image of intact dermal and epidermal lamellae from a control lamellar
section obtained from an undisturbed location lateral to the failure site of a fresh tissue specimen
(PAS and Gill’s hematoxylin stain). Notice the presence of intact primary (PDL) and secondary
(SDL) lamellae interdigitating with the primary (PEL) and secondary (SEL) epidermal lamellae.
Also note the presence of the PAS positive basement membrane (PAS+ BM) at the dermoepidermal junction between the secondary dermal and secondary epidermal lamellae.
The PAS staining characteristics of a typical histologic section of a failed single-freezethaw tissue specimen are shown in Figures 4.13 and 4.14.
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Figure 4.13

Transverse histologic section of single-freeze-thaw SADP specimen

Typical transverse histologic section taken from the hoof part of a failed single-freeze-thaw
SADP tissue test specimen stained with PAS and Gill’s hematoxylin. Notice the site of failure is
in the lamellar region with the primary epidermal lamellae (PEL) and secondary epidermal
lamellae (SEL) remaining attached to the hoof part of the specimen. Also notice that the interior
tips of the primary epidermal lamellae appear to be intact and that no dermal lamellae are visible.
The rectangular region outlined by a solid line (_____) demonstrates the typical appearance of
secondary epidermal lamellae in the failed single-freeze-thaw tissue specimens and is shown at
higher magnification in Figure 4.14.
175

Figure 4.14

Higher magnification of the lamellae outlined in Fig. 4.13.

Higher magnification image of the rectangular area enclosed by the solid line (____) from the
histologic section of single-freeze-thaw tissue test specimen in Figure 4.13. Note the primary
epidermal lamellae (PEL) with the attached intact secondary epidermal lamellae (SEL). Also
note the PAS positive staining (PAS+ BM) in the area of the original basement membrane along
only a small percentage of the length of the perimeter of the secondary epidermal lamellae. No
PAS positive stain is noted along the perimeter of most secondary epidermal lamellae (No PAS+
stain). This can be compared to PAS positive staining of the basement membrane along 100% of
the length of the perimeter of the secondary epidermal lamellae of a control lamellar section
obtained from an undisturbed location lateral to the failure site of a fresh tissue specimen (Fig.
4.12).
Fresh/triple-freeze-thaw study
The site of failure for the fresh and triple-freeze-thaw tissue samples was similar to that
seen for the samples in the fresh/single-freeze-thaw study and was within the lamellar region, at
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the dermo-epidermal junction, with the majority of the primary and secondary epidermal
lamellae remaining with the hoof part of the specimen and the dermal lamellae remaining with
the bone part of the specimen. As was done for the fresh and single-freeze-thaw tissue samples
of the fresh/single-freeze-thaw part of the study, transverse histologic sections of the failed hoof
and bone parts of the specimens were stained with PAS to determine whether and to what
degree, the glycoprotein components of the basement membrane were disrupted by the tissue
damage that occurred as the dermis separated from the epidermis at the dermo-epidermal
junction during testing. The percentage of the length of the original basement membrane at the
dermo-epidermal junction that remained PAS positive following testing was significantly greater
for the fresh tissue specimens than for the triple-freeze-thaw tissue specimens, respectively 47.7
± 5.5 % versus 12.8 ± 6.6 % (P < 0.0001). The PAS staining properties of a typical transverse
histologic section of the lamellar region of the hoof part of a failed fresh specimen in the
fresh/triple-freeze-thaw part of the study were similar to those of the fresh tissue specimens in
the fresh/single-freeze-thaw study and are shown in Figures 4.15 and 4.16.
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Figure 4.15

Transverse histologic section of fresh SADP

Typical transverse histologic section taken from the hoof part of a failed fresh SADP tissue test
specimen in the fresh/triple-freeze-thaw study stained with PAS and Gill’s hematoxylin. The site
of failure is in the lamellar region with the primary epidermal lamellae (PEL) and secondary
epidermal lamellae (SEL) remaining attached to the hoof part of the specimen. The interior tips
of many primary epidermal lamellae appear to be fractured and no dermal lamellae are visible.
The rectangular region outlined by a solid line (_____) demonstrates the typical appearance of
secondary epidermal lamellae in the failed fresh tissue specimens and is shown at higher
magnification in Figure 4.16.
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Figure 4.16

Higher magnification of the lamellae outlined in Fig. 4.15.

Higher magnification image of the rectangular area enclosed by the solid line (____) from the
histologic section of fresh tissue test specimen in Figure 15. Note the primary epidermal
lamellae (PEL) with the attached intact secondary epidermal lamellae (SEL). Also note the PAS
positive staining (PAS+ BM) in the area of the original basement membrane along
approximately 50% of the length of the perimeter of the secondary epidermal lamellae. Some
secondary epidermal lamellae have no PAS positive stain along the perimeter (No PAS+ stain).
This can be compared to PAS positive staining of the basement membrane along 100% of the
length of the perimeter of the secondary epidermal lamellae of a control lamellar section (Fig.
4.12)
The PAS staining characteristics of a typical histologic section of a failed triple-freezethaw tissue specimen are shown in Figures 4.17 and 4.18.
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Figure 4.17

Transverse histologic section of triple-freeze-thaw SADP specimen

Typical transverse histologic section taken from the hoof part of a failed triple-freeze-thaw
SADP tissue test specimen stained with PAS and Gill’s hematoxylin. Notice the site of failure is
in the lamellar region with the primary epidermal lamellae (PEL) and secondary epidermal
lamellae (SEL) remaining attached to the hoof part of the specimen. Also notice that the interior
tips of the primary epidermal lamellae appear to be intact and that no dermal lamellae are visible.
The rectangular region outlined by a solid line (_____) demonstrates the typical appearance of
secondary epidermal lamellae in the failed triple-freeze-thaw tissue specimens and is shown at
higher magnification in Figure 4.18.
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Figure 4.18

Higher magnification of lamellae outlined in Fig.4.17.

Higher magnification image of the rectangular area enclosed by the solid line (____) from the
histologic section of triple-freeze-thaw tissue test specimen in Figure 4.17. Note the primary
epidermal lamellae (PEL) with the attached intact secondary epidermal lamellae (SEL). Also
notice the very limited PAS positive staining (PAS+ BM) in the area of the original basement
membrane. The perimeter of nearly all the secondary epidermal lamellae is devoid of PAS
positive stain (No PAS+ stain). This can be compared to PAS positive staining of the basement
membrane along 100% of the length of the perimeter of the secondary epidermal lamellae of a
control lamellar section obtained from an undisturbed location lateral to the failure site of a fresh
tissue specimen (Fig. 4.12).
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Discussion:
The SADP is a vital component of the equine digit that suspends the weight of the horse
from inside the hoof capsule and, when diseased, produces a mild lameness at the very least, but
at the worst, results in painful crippling lameness that can eventuate in humane destruction of the
horse. Knowledge of the material properties of the SADP can provide important insight into the
behavior of the tissue under load and the effect of common hoof trimming and shoeing practices;
however, testing the material properties of SADP is fraught with challenges. Difficulties include
collecting samples with the use of power equipment, accurately preparing samples for testing,
and getting samples transported to a material testing laboratory before tissue degeneration alters
the results. The ability to collect samples whenever tissue is available, freeze the samples, then
batch test them later when the testing equipment is available would greatly facilitate research
into the material properties of the equine SADP, a structure that the horse’s life depends upon.
Unfortunately, we found that freezing the tissue samples at -20° C results in a significant
22% reduction (P < 0.05) in the ultimate tensile strength of the tissue when tested in vertical
tension. A single freeze-thaw cycle also produced a trend toward reduction in tissue stiffness (P
= 0.0885); however, the difference was not significant. Other mechanical properties such as
strain to maximum load, resilience, and toughness appear to be less affected by a single freeze
thaw cycle. In the present fresh versus single-freeze-thaw investigation, the values for those
parameters in the single-freeze-thaw samples were all slightly less than those in the fresh tissues
but not significantly so (P > 0.05). When the effects of freezing were magnified by 3 freezethaw cycles in the fresh/triple-freeze-thaw investigation, all of the mechanical properties except
modulus of elasticity of the SADP were significantly diminished (P < 0.05) by the triple-freezethaw process and there was a trend for decreased modulus of elasticity in the triple-freeze-thaw
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tissues (P = 0.0997). Although ultimate tensile strength was not reported in a 2010 study by
Kochova et al. comparing the modulus of elasticity of fresh versus frozen SADP tissue in 16
samples tested in radial tension from various locations in the front feet of 2 foals, the
investigators found no significant difference in modulus between the fresh and frozen tissues.
The mean ± SE modulus of elasticity calculated from the values they reported for the 4 proximal
and distal toe samples were, respectively, 9.75 ± 3.5 MPa for the fresh samples and 9.60 ± 4.4
MPa for the frozen samples. The modulus values for samples taken from the mid-toe region in
the present fresh/single-freeze-thaw investigation were respectively, 22.17 ± 2.31 MPa and 19.00
± 2.33 MPa, for the fresh and single-freeze-thaw samples, somewhat greater than the values
reported by Kochova et al. The moderate differences between the studies may be partially
explained by differences in sample location, tissue block size, age of the animals, strain rate, and
tensile load orientation between the studies. Although the modulus of elasticity values differed
somewhat between the investigations, neither investigation showed that freezing the samples
significantly altered the modulus.
In a previous investigation (Kochová et al. 2013), the ultimate tensile strength of SADP
tissue that was tested in radial tension, and because of logistical difficulties had been frozen prior
to testing, was 1.67 MPa (1.41 – 2.67). In the fresh/single-freeze-thaw portion of the present
investigation the ultimate tensile strengths of the fresh and single-freeze-thaw specimens tested
in vertical tension were, respectively, 5.69 ± 0.33 MPa and 4.44 ± 0.33 MPa; whereas, in the
fresh/triple-freeze-thaw part of this investigation, the ultimate tensile strength of the triplefreeze-thaw tissue was 2.53 ± 0.30 MPa. The triple-freeze-thaw process reduced the ultimate
tensile strength by up to 66%, yet had only a slight, nonsignificant effect on the modulus of
elasticity.
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The SADP plays a critical role in suspending the distal phalanx from the inner surface of
the hoof, (Adams, 1974; Stump, 1967) and if it fails, weight of the horse forces the distal phalanx
to sink or rotate distally (Pollitt & Collins, 2016). Displacement of the distal phalanx often
causes crippling lameness, especially if the distal phalanx penetrates the sole (Cripps & Eustace,
1999; Stashak, 1987). The site of SADP failure during testing of the fresh, single-freeze-thaw,
and triple-freeze-thaw specimens in the present investigation was predominantly at the dermoepidermal junction. This could be predicted as the dermo-epidermal junction is thought to be a
“weak link” and is commonly the location of SADP failure during laminitis (Pollitt, 1996). One
of the prominent features of the dermo-epidermal junction is the basement membrane. The
basement membrane of the integument is not merely a border separating dermis from epidermis
but is rather a region of attachment between basal epidermal cells and the superficial dermis
(Corps et al. 2013). Conceptually the basement membrane can be organized into four distinct
layers; the basal layer, lamina lucida, lamina densa, and sub-laminar densa. The molecular
composition of these layers and their function depends on tissue type, but several proteins and
glycoproteins are common to all basement membranes. These include members of the protein
families of laminins, type IV collagen, nidogen, and perlecan (Breitkreutz et al. 2009).
The layers of the basement membrane consist of a series of connections that ultimately
fasten the epidermal basal cell cytoskeleton to hemidesmosomes to the collagen fibers of
superficial dermis. Hemidesmosomes consist of integrins (α6β4 and α3β1), bullus pemphigoid
antigen 1 (BPAG1), plectin, collagen XVII, and CD151. Integrins and collagen XVII are
transmembrane proteins that connect with the anchoring fibers of the lamina lucida which
connect to a meshwork of perlecans in the lamina densa and finally collagen IV connects to the
fibrillary collagen of the sublaminar dermis (Corps et al. 2013). The PAS stain stains the
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glycoproteins that are present within these layers and is commonly used to identify basement
membrane components in tissue (Cerri, 2003).
In this investigation, we used the PAS stain to localize the glycoprotein components of
the basement membrane in the failed SADP tissues following materials testing. When the fresh
specimens were tested, we found that the glycoprotein staining was distributed approximately
equally between the dermal and epidermal surfaces when the dermis separated from the
epidermis as the tissue failed. The percentage of the length of the original basement membrane
along the perimeter of the basal epidermal cells that remained PAS positive was 55.7 ± 5.9 % for
the fresh tissues of the fresh/single-freeze-thaw part of the study and 47.7 ± 5.5 % for the fresh
tissues of the fresh/triple-freeze-thaw part of the study. Freezing apparently altered the
glycoprotein linkages in the basement membrane such that less of the glycoprotein stain
remained with the epidermis and more localized with the dermis following tissue failure in the
single-freeze-thaw tissue samples. The percentage of the length of the original basement
membrane along the perimeter of the basal epidermal cells that remained PAS positive was only
23.2 ± 6.2 % for the single-freeze-thaw tissues, and was even less at 12.8 ± 6.6 % for the tissues
that underwent 3 freeze-thaw cycles, both significantly less than for the fresh tissues in each part
of the study (P < 0.001).
We suspect that the basement membrane junctional zone may be the portion of the SADP
tissue that is most susceptible to damage due to ice crystal formation as we saw progressively
less PAS-positive glycoprotein stain localize with the epidermis and more with the dermis
following tissue failure as the tissues underwent progressively more freeze-thaw cycles. In
conjunction with this change at the basement membrane, the ultimate tensile strength of the
SADP became progressively more degraded with increasing freeze-thaw cycles. We noted a
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22% reduction in ultimate tensile strength following a single freeze-thaw cycle and a 43%
reduction in ultimate tensile strength following 3 freeze-thaw cycles. This is in contrast to what
is seen during materials testing of tendon or ligament tissues that have been frozen once or
undergone more than one freeze-thaw cycle, where little degradation of the mechanical
properties is noted due to freezing (Huang et al. 2011; Jung et al. 2011). We suspect that the
difference in behavior of the SADP tissue, which has been considered similar to a ligament
(Pollitt and Collins 2016; Pellmann 1996), is due to the presence of the basement membrane
linkage that connects the dermis to the epidermis of the hoof wall and appears to be susceptible
to damage from ice crystal formation.
We conclude that freezing at -20° C as preservation mechanism is inadequate for studies
assessing the ultimate tensile strength of the SADP but that a single freeze-thaw cycle at -20° C
may be acceptable for studies examining other material properties of the SADP such as elastic
modulus, strain to maximum load, resilience, and toughness.
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CHAPTER V
CONCLUSION
The suspensory apparatus of the distal phalanx (SADP) is an elaborate adaptation of
dermal and epidermal tissue that has a specialized role in the horse to absorb concussion while
suspending the weight of the horse from within the hoof. The integrity of the hoof-bone
connection is critical to the health of the horse and it can be affected by numerous disorders that
cause it to fail. Accurate data on the ultimate tensile strength and other material properties of the
SADP are important in modeling the behavior of the tissue under load and selecting appropriate
prevention and treatment strategies for disorders of the SADP. The tensile load orientation and
tissue sample size both have a profound effect on obtaining representative estimates for the
material properties of a tissue. Consideration of the collagen fiber axis is important when
selecting both.
The purposes of this investigation were 1) to morphometrically determine the true
collagen fiber axis in the SADP, 2) determine the most appropriate test sample size and tensile
load orientation for materials testing, 3) to determine the ultimate tensile strength and other
material properties of the SADP in healthy digits of adult horses, 4) to determine the site of
tissue failure during testing, and 5) to determine whether freezing the SADP tissue samples prior
to testing alters the material properties.
Results of this investigation indicated that the true collagen fiber axis of the SADP in the
toe region was predominantly vertical, in alignment with gravity. A vertical tensile load most
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closely matched the collagen fiber axis and was appropriate to model the load in the SADP for
standing horses. A radial tensile load was appropriate to model the load in the SADP near the
break over portion of the stride. Tissue blocks with a proximal-to-distal dimension of 1 cm
tested less than 30% of the vertically oriented collagen fibers during radial tension testing and
significantly underrepresented the ultimate tensile strength. The tissue failed in the deep dermis
during radial tension testing and at the dermoepidermal junction during vertical tension testing.
A lamellar trapping mechanism likely reinforces the integrity of the dermoepidermal junction
during radial tension testing, making the failure in that location less likely than in the deeper
layers of the dermis. This mechanism is likely to also contribute to stability of the
dermoepidermal junction during portions of the stride near breakover when radial tensile forces
are thought to be greatest. Freezing the tissue prior to testing significantly reduced the ultimate
tensile strength; thus, freezing at -20° C as preservation mechanism is inadequate for studies
assessing the ultimate tensile strength of the SADP, but a single freeze-thaw cycle at -20° C may
be acceptable for studies examining other material properties of the SADP such as elastic
modulus, strain to maximum load, resilience, and toughness.
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